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Most ectothermic organisms are larger when reared at lower temperatures and 
temperature can greatly affect an organism’s physiological state, so understanding how 
temperature affects larval size and quality can provide insight into how the larval thermal 
environment affects post-metamorphic success.  Because quality is often defined in terms 
of size and energy content, I focused on how temperature affects energy utilization by 
larvae and how differences in energy accumulation and utilization may carry over into 
the juvenile stage.  Marine invertebrate larvae are often classified into two groups: larvae 
from smaller eggs that must obtain food from the environment in order to gain energy for 
development (planktotrophy), or larvae from larger eggs that utilize maternal energy 
stores to obtain energy needed for development (lecithotrophy).  Any differences in how 
energy utilization by feeding or nonfeeding larvae is affected by temperature may provide 
insight into why species with feeding larvae tend to be more abundant in warmer waters 
and species with nonfeeding larvae tend to be more abundant in colder waters.  When 
reared within their optimal thermal range for development, both feeding and nonfeeding 
larvae utilized more energy over the course of development when reared at higher 
temperatures.  Feeding larvae also consumed less energy from algae over development 
when reared at warmer temperatures.  Juveniles from feeding larvae were larger at lower 
rearing temperatures due to a combination of increased energy intake and decreased 
energy expenditure, and juveniles from nonfeeding larvae were larger due to decreased 
energy expenditure alone, and smaller juveniles experienced higher mortality rates.  
However, outside of the optimal thermal range for development, the duration of 
 iii 
development was greatly extended, resulting in increased energy expenditure and smaller 
juvenile size.  In addition, rearing temperature may interact with the size of the egg from 
which larva develops, and larvae from species with larger eggs may be more strongly 
affected by increases in temperature than larvae from species with smaller eggs.  
Together these data suggest that larval rearing temperature can have an effect on juvenile 
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Larvae, or early life history stages that are morphologically and ecologically 
distinct from the adult stage, are common among marine invertebrates, and these larvae 
can experience a wide variety of environments within this single life stage (reviewed in 
Hadfield & Strathmann 1996).  Temperature is one of the most important and variable 
environmental parameters that larvae experience, as it strongly affects physiological 
processes such as metabolism of ectothermic organisms.  Any increase in larval energy 
expenditures due to increased metabolic rates caused by higher temperatures could divert 
energy away from growth and development, which could in turn affect larvae as juveniles 
after metamorphosis.  It is therefore important to understand how changes in energy 
expenditure due to temperature affect marine invertebrate larvae, because the quality of 
post-metamorphic juveniles entering adult habitat is one key component regulating the 
recruitment of new individuals into marine populations.   
The effects of temperature on feeding and nonfeeding larvae may be 
fundamentally different, as feeding larvae are able to consume energy from exogenous 
sources, and that energy could mediate increased energy expenditure at higher 
temperatures, whereas nonfeeding larvae must meet increased energy demand with 
resources provided maternally in the egg.  Any increases in energy expenditure during the 
larval period could consume energy that would otherwise be passed on to the juvenile, 
resulting in poor quality juveniles.  In addition, temperature could interact with egg size, 
which is highly correlated with the energy in the egg; if energy stores are utilized more 
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quickly at higher temperatures, larvae from smaller eggs could utilize their maternal 
energy stores more quickly than larvae from larger eggs, resulting in larvae that are less 
resistant to low food availability and more likely to starve to death.  The work presented 
here aims to further study how temperature affects energy expenditure by marine 
invertebrate larvae and if maternal provisioning strategy impacts how developmental 
energetics are affected by temperature in order to determine how temperature may affect 
the quality of larvae and post-metamorphic juveniles. 
 
Complex Life Histories 
Life history strategies 
Marine invertebrate larvae are separated into two types based upon the source of 
larval nutrition: planktotrophic, or feeding larvae, and lecithotrophic, or nonfeeding 
larvae (reviewed in Thorson 1950).  Early development of planktotrophic larvae to the 
feeding stage is fueled by energy provided maternally in the egg, after which 
development is fueled by energy from food.  Development through metamorphosis of 
lecithotrophic larvae is fueled by energy from the egg.  In many marine taxa with 
lecithotrophic larvae, planktotrophy is thought to be the ancestral state, and lecithotrophy 
has independently evolved from planktotrophy numerous times in different evolutionary 
lineages (Strathmann 1978; Strathmann 1993).  There is a general trade-off between the 
number and size of eggs that a mother can produce (Vance 1973); mothers who produce 
larger eggs generally produce fewer eggs and vice versa.  Large egg size is thought to be 
a result of selection for higher fertilization success, decreased larval duration, and less 
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time between generations (Herrera, McWeeney & McEdward 1986).  Generally, larger 
eggs are thought to provide the developing embryo with more energy for development 
and growth, although this pattern does not always hold true (McEdward & Coulter 1987; 
McEdward & Chia 1991).   
In planktotrophic larvae, the energy from the egg is utilized during early 
development when the structures necessary to feed are formed (Vance 1973; Moran & 
Allen 2007), and larvae from smaller eggs have smaller initial feeding structures (Hart 
1995).  Planktotrophs from larger eggs, with larger nutrient reserves, can reach more 
advanced stages of development without exogenous food compared to planktotrophs 
from small eggs (Herrera, McWeeney & McEdward 1986).  In lecithotrophic larvae, 
energy from the egg is used to fuel all of larval development, and many lecithotrophic 
larvae have lost the larval feeding structures present in the planktotrophic ancestor 
(Strathmann 1993).  Planktotrophs with small eggs and lecithotrophs are two extremes on 
a continuum of dependence on external energy to complete development to the juvenile 
(Herrera, McWeeney & McEdward 1986).  Facultatively planktotrophic larvae are able to 
complete metamorphosis without exogenous food, but retain larval feeding structures and 
are able to feed and assimilate additional nutrients if present (Herrera, McWeeney & 
McEdward 1986).Facultative planktotrophs are thought to represent evolutionary 
intermediates in the transition from planktotrophy from lecithotrophy (Herrera, 
McWeeney & McEdward 1986).   
Eggs of planktotrophic and lecithotrophic species have characteristically different 
biochemical compositions (Herrera, McWeeney & McEdward 1986; Jaeckle 1995; 
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Villinski et al. 2002; Prowse, Sewell & Byrne 2008; Moran & McAlister 2009; Prowse et 
al. 2009).  Lecithotrophic eggs of echinoderms have higher energy concentrations 
(mJ/mm
3
) than planktotrophic eggs, and are thus more energy dense (Jaeckle 1995).  This 
difference is likely due to the larger proportion of lipid present in eggs of lecithotrophic 
species when compared to eggs of planktotrophic species (Jaeckle 1995; Villinski et al. 
2002; Prowse, Sewell & Byrne 2008).  Triacylglycerols (TG) are a major lipid class in 
echinoderm eggs and TG act as the primary energy source during nonfeeding larval 
development (Prowse, Sewell & Byrne 2008), although in large eggs diacylglycerol 
ethers (DAGE) also play an important role as long-term storage of lipids set aside to be 
utilized after metamorphosis (Prowse et al. 2009).  The evolution of lecithotrophic eggs 
appears to have occurred in part by contributing a greater amount and proportion of 
triglycerides and diacylglycerol ethers to the egg (Prowse et al. 2009).   
Planktotrophic eggs have a higher proportion of protein than lecithotrophic eggs 
(Jaeckle 1995).  However, some benthic planktotrophs also have high protein levels, 
which are likely an adaptation to make the egg negatively buoyant (Prowse, Sewell & 
Byrne 2008).  In some lecithotrophic species the total amount of protein goes down as 
larvae develop, suggesting that protein may be utilized as an energy source by 
lecithotrophic larvae (Shilling & Manahan 1994; Moran & Manahan 2003; Prowse, 
Sewell & Byrne 2008).  Carbohydrate, the third major class of biochemical constituent, 
comprised a maximum of 13% of the dry organic weight or energy content, making it a 
less important constituent of the echinoderm egg (Jaeckle 1995).  Proportions of 
 5 
carbohydrate in planktotrophic eggs and lecithotrophic eggs are not significantly different 
(Jaeckle 1995).  
In some taxa, egg size can affect juvenile size, which can in turn affect juvenile 
growth and survival (reviewed later in this chapter).  For planktotrophic larvae, time 
spent in the plankton may function as a way for offspring to obtain enough food from the 
environment to fuel development through metamorphosis, which relieves the mother 
from having to provide that energy for development in the egg (Strathmann et al. 2002).  
Larvae from smaller eggs form larger post-metamorphic juveniles, although they take 
longer to reach metamorphosis than feeding larvae from larger eggs (Herrera, McWeeney 
& McEdward 1986; Emlet, McEdward & Strathmann 1987).  In contrast, post-
metamorphic sea stars from lecithotrophic eggs tend to be larger than those from 
planktotrophic eggs (Emlet, McEdward & Strathmann 1987).  Post-metamorphic 
juveniles of lecithotrophic sea urchins with larger eggs are larger than those coming from 
smaller lecithotrophic eggs, but time spent in the plankton seems to determine post-
metamorphic size in planktotrophic sea urchins (Emlet, McEdward & Strathmann 1987).  
The source of energy that larvae with different developmental modes utilize to fuel 
development through metamorphosis (exogenous vs. endogenous) can therefore have an 







Until the end of the twentieth century, most research on invertebrate organisms 
focused either on larval or  post-metamorphic stages, and the ecological link between 
larvae and juveniles was largely ignored (Pechenik 2006; Podolsky & Moran 2006).  As 
understanding of the life cycle as a whole grew, more of an emphasis was placed on the 
integration between life history stages (Podolsky & Moran 2006).  The term “carryover 
effect” or “latent effect” is used to describe traits that occur as a result of a particular 
environment that an animal experienced in its previous life stage and are generally not 
readily evident in the previous stage (Pechenik 2006; Podolsky & Moran 2006).  
Studying these carryover effects in greater detail will provide a better understanding of 
how the early developmental stages of organisms with complex life histories are 
integrated with the later stages, providing insight into how larval experience can affect 
juvenile growth and survival. 
Although research has focused on carryover effects in invertebrates only in the 
past few decades, some studies have described how the larval environment leads to 
changes in juvenile performance as well as how adults can affect their offspring (see 
Pechenik 2006, Podolsky & Moran 2006 for review).  Probably the most well studied 
examples of this are maternal effects and the effects of larval starvation on post-
metamorphic juveniles (Pechenik 2006) and the effects of delayed metamorphosis on 
post-metamorphic performance (Qian & Pechenik 1998; Pechenik & Rice 2001; Marshall 
& Keough 2003b; Marshall & Keough 2006; Thiyagarajan et al. 2007; Dias & Marshall 
2010).  Additional studies have examined postmetamorphic effects of salinity (Giménez 
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& Anger 2003; Giménez, Anger & Torres 2004; Thiyagarajan et al. 2007; Pineda et al. 
2012) and heavy metal exposure (Pechenik et al. 2001; Ng & Keough 2003; Pineda et al. 
2012) during the larval period. 
Maternal effects are one of the most well-known examples of carryover effects, 
and the effects of maternal investment in the egg has received the most attention, 
particularly in the context of trade-offs (McEdward & Morgan 2001).  The effects of 
variation in maternal investment in the egg are strong for lecithotrophic larvae, but may 
not be as strong for planktotrophic larvae because the majority of energy for development 
in planktotrophic larvae comes from external food sources (Bertram & Strathmann 1998).  
For example, Marshall et al. (2003a) examined the link between the size of lecithotrophic 
larvae of the tunicate Ciona intestinalis and the size of the adult resulting from those 
larvae.  They found that larger settlers resulting from larger larvae had a higher survival 
rate than smaller settlers resulting from smaller larvae.  Density also had a larger effect 
on smaller settlers, where higher densities had higher mortality.  A similar result was seen 
in the snail Nucella ostrina; larger larvae had a greater chance of survival after 
metamorphosis than smaller larvae as a result of greater amounts of maternally provided 
nutrients (Moran & Emlet 2001).  Therefore, a larger input of maternal nutrients in the 
egg often results in increased juvenile survival. 
A handful of studies have been conducted to determine how larval quality might 
affect the quality of the subsequent juvenile stage.  Larval and juvenile quality is often 
assessed by the quantity of biochemical reserves the animal has, which is often correlated 
to its size, so studies of juvenile quality have focused on the effects of larval size and 
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initial juvenile size on juvenile growth and mortality.  Moran and Emlet (2001) examined 
growth and mortality of outplanted juveniles of the snail Nucella ostrina.  They found 
that larger juveniles, which had higher organic content, had faster growth rates and were 
recovered in greater numbers, showing that larger juveniles experiences lower mortality.  
Emlet and Sadro (2006) found that larger juveniles of the barnacle Balanus glandula, 
derived from larvae that had been fed a higher food ration, experienced lower mortality 
rates.  At two weeks after metamorphosis, these juveniles were still larger than juveniles 
from larvae reared at a low food ration.  Similarly, Phillips (2002) reared larvae of the 
mussel Mytilus galloprovincialis at three food rations and found that well fed larvae 
became larger juveniles with greater lipid stores after metamorphosis and these juveniles 
had higher growth rates.  Lecithotrophic species can also experience carryover effects 
when energy stores are low, caused either by extended pelagic duration, causing them to 
expend more energy by swimming, or by simply due to size, as larger larvae tend to have 
larger nutrient reserves than smaller larvae.  Larger bryozoan (Marshall, Bolton & 
Keough 2003; Marshall & Keough 2006) and ascidian (Marshall & Keough 2003a; 
Marshall & Keough 2005) larvae metamorphose into larger juveniles, which generally 
grow more quickly and have higher survival rates. 
 
Larval physiology and energetics 
Studying changes in the biochemical content of larvae over development can 
provide insight into how the larvae utilize and accumulate energy reserves, and whether 
the quantities of these reserves can affect larval and juvenile quality.  In addition to egg 
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content, the major biochemical classes have also been measured over the course of larval 
development.  Lecithotrophic echinoids do not utilize large amounts of their lipid stores 
until after metamorphosis (Villinski et al. 2002).  In the absence of exogenous food, 
planktotrophic echinoid larvae use maternally-provided triacylglycerols to fuel 
development (Sewell 2005; Byrne, Sewell & Prowse 2008).  Triacylglycerols are the 
primary energy store for prefeeding larval development in many taxa including sea 
urchins (Podolsky et al. 1994; Sewell 2005; Byrne et al. 2008; Byrne, Sewell & Prowse 
2008), sea stars (Prowse, Sewell & Byrne 2008), brittle stars (Whitehill & Moran in 
press), abalone (Moran & Manahan 2003), oysters (Moran & Manahan 2004), crabs 
(Kattner et al. 2003), and are likely the major source of energy for early development of 
larvae of other marine invertebrate taxa. 
Measuring respiration rates allows the quantification of how much energy an 
organism is using, and comparisons of respiration rates provide insight into which 
environmental conditions may cause greater energy expenditures.  In general, respiration 
rates increase during morphogenesis (Shilling & Manahan 1994; Hoegh-Guldberg & 
Emlet 1997; Marsh & Manahan 1999; Marsh, Maxson & Manahan 2001; Pace & 
Manahan 2007a; Ginsburg & Manahan 2009).  If larvae are starved, respiration rates 
level off or go down after embryogenesis (Moran & Manahan 2004; Meyer et al. 2007; 






Temperature is one of the most important environmental factors affecting 
animals, particularly ectotherms, and can have both positive and negative effects on 
organismal performance.  Biochemical reactions are strongly affected by temperature, 
and changes in temperature can therefore result in large changes in metabolism in 
ectothermic organisms (Hochachka & Somero 2002).  In addition to affecting metabolic 
rates, warmer temperatures can stress animals, which can lead to increased energy 
expenditure in order to maintain homeostasis (Somero 2002).  Increases in temperature 
may not affect organisms from all environments similarly.  It is thought that organisms 
living in warm environments generally live closer to their upper thermal limits than 
organisms from cooler environments (Somero 2010), so tropical species may be more 
greatly impacted by increases in temperature than temperate species.   
Kingsolver and Huey (2008) stated an apparent paradox in how the effects of 
temperature on organisms are viewed in the following haiku: 
Bigger is better 
And hotter makes you smaller 
Hotter is better 
Animals with larger body sizes generally show greater survival and fecundity 
(Kingsolver & Huey 2008).  Ectothermic animals are often larger when reared at lower 
temperatures, a pattern that is discussed in greater depth below (Atkinson 1994).  
Together, these observations imply that growing up in a colder environment is likely to 
be advantageous for ectothermic animals, and these animals may have greater fitness than 
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conspecifics that develop in colder environments.  However, enzymatic reaction rates and 
other biological rates increase with temperature which increases performance, suggesting 
that living in warmer environments may be better for organisms (Hochachka & Somero 
2002; Kingsolver & Huey 2008; Knies, Kingsolver & Burch 2009).  Increases in 
temperature speed up development rates, which leads to organisms reaching maturity 
faster and thereby increasing the fecundity of a population (Kingsolver & Huey 2008).  
Which of these two opposing paradigms is most important to animals has yet to be 
completely resolved. 
Ectothermic organisms generally develop more quickly when reared at higher 
temperatures (Gillooly et al. 2002), but the effect of temperature on processes other than 
development rate has received less attention in studies of marine invertebrate larvae.  
Most work concerning larval rearing temperature has revolved around determining the 
optimal temperature for rearing larvae in aquaculture.  In general, larvae have a shorter 
larval period (reviewed in O’Connor et al. 2007) and complete metamorphosis earlier at 
higher temperatures (Emlet, McEdward & Strathmann 1987). Larvae have thermal ranges 
outside of which they cannot develop normally; exposure to higher temperatures can 
decrease fertilization success and result in abnormal development (Sewell & Young 
1999; Byrne et al. 2009).  The general effects of temperature on larvae are well-
characterized, but less is known about the more specific effects of temperature on 
physiological processes of larvae, such as those affecting energy utilization. 
Adult acclimatization has been found to affect the temperature at which larvae can 
develop in echinoids (Fujisawa 1989; Fujisawa 1995; Bingham, Bacigalupi & Johnson 
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1997), asteroids (Lucas 1973; Johnson & Babcock 1994), crabs (Storch et al. 2009), and 
abalone (Gilroy & Edwards 1998).  For example, larvae of the sand dollar Dendraster 
excentricus from adults collected from the subtidal zone, where adults should experience 
cooler temperatures, experienced the greatest amount of normal development at lower 
temperatures, and larvae from adults collected from the intertidal zone, where they should 
experience warmer temperatures, had the greatest percentage of normal development at 
higher temperatures (Bingham, Bacigalupi & Johnson 1997).  This difference in 
temperature tolerance may be maternally inherited in sea urchins (Fujisawa 1995).   
 
Temperature-size rule 
In general, ectotherms reared at lower temperatures are larger than those reared at 
higher temperatures, a phenomenon known as the temperature-size rule, or TSR 
(Atkinson 1994).  Atkinson (1994) reviewed 109 studies examining the effects of 
temperature on the size of unicellular organisms, plants, and ectothermic animals (84% of 
which were arthropods) and found that the TSR occurred in 83.5% of the species studied.  
The remainder of the studies found either the reverse of the TSR (11.9%) or a mixture of 
experiments that did and did not follow the TSR (4.6%).  Atkinson stressed that the TSR 
was meant to apply to animals reared at temperatures that are not overly taxing to the 
organism, as growth and development outside of the thermal optimum for that organism 
would likely result in smaller body size; therefore he excluded studies in which 
organisms were reared at physiologically stressful temperatures.   
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The TSR holds true for a large diversity of ectotherms, which suggests that there 
could be a common physiological mechanism or set of mechanisms that cause larger 
body size in colder rearing environments.  Many of the mechanisms put forth involve 
some type of developmental plasticity, as plastic responses have been investigated more 
often in the literature than adaptive genetic responses (Atkinson & Sibly 1997).  Reaction 
norms of body size can be selected for (Kingsolver & Huey 2008), so not every species 
that has larger body size in colder environments in the wild may be showing a plastic 
response, since a population living in a cooler environment could evolve a genetic 
mechanism for increased body size. 
One potential mechanism that has been suggested for the TSR is a fundamental 
difference in the temperature sensitivities of anabolism and catabolism, where catabolism 
is more greatly affected by temperature than anabolism (von Bertalanffy 1960; Perrin 
1995; Atkinson & Sibly 1997).  Perrin (1995) tested this hypothesis by looking at the 
effects of temperature on energy acquisition, which he equates with von Bertalanffy’s 
(1960) anabolism term, and metabolism, which he equates with von Bertalanffy’s 
catabolism term.  Because metabolism is largely an enzymatic process, it should be 
strongly affected by changes in temperature (Hochachka & Somero 2002).  Acquisition, 
however, is based on a combination of physical and physiological processes and should 
therefore be less affected by temperature changes (Perrin 1995).  The degree to which 
acquisition and metabolism are affected by temperature should also depend on the 
temperature range in which a species lives (Perrin 1995). 
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Alternatively, Van der Have and de Jong (1996) suggested that the TSR may be a 
result of growth (accumulation of mass) and development having different Q10 values.  
They hypothesized that growth rate is primarily controlled by protein synthesis and 
development rate is primarily controlled by DNA replication, and suggested that protein 
synthesis should depend more on the diffusion of the ribosomal subunits into the 
cytoplasm; diffusion should be less sensitive to temperature than DNA replication, which 
depends on the enzymatic activities of DNA polymerases.  Faster rates of differentiation 
coupled with slower growth rates would likely result in smaller body size.  For the TSR 
to occur, the Q10 of growth should be smaller than the Q10 of differentiation (van der 
Have & de Jong 1996; Zuo et al. 2012).   
Organisms reared at lower temperatures may be of higher quality because of their 
more efficient growth (Atkinson & Sibly 1997; Angilletta & Dunham 2003; Karl & 
Fischer 2008); they both accumulate more nutrient reserves, and reap any benefits of 
larger body size.  More efficient growth may result from differences in the effects of 
temperature on anabolism and catabolism or development and growth as described above.  
A difference in growth efficiency has been shown for distinct lines of fruit flies that had 
been reared at various thermal regimes for nine years.  When reared at a common 
temperature, the flies from colder the colder rearing lines had a higher growth efficiency 
than flies from warmer lines (Neat et al. 1995).  Larger body size in Drosophila 
melanogaster has also been shown to be a result of increased growth efficiency at lower 
temperatures in other studies (Robinson & Partridge 2001).  Greater growth efficiency at 
lower rearing temperatures has also been observed in a butterfly (Karl & Fischer 2008), 
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arctic charr (Larsson & Berglund 2005), and zebrafish (Bownds, Wilson & Marshall 
2010).  However, this hypothesis may be falling out of favor (Angilletta 2009) because in 
many cases growth is more efficient at warmer temperatures (Angilletta & Dunham 
2003). 
Another potential mechanism that could result in the TSR is a change in cell size, 
with larger cell sizes at cooler rearing temperatures resulting in larger body sizes 
(Atkinson & Sibly 1997).  Cell size may be limited at higher temperatures due to reduced 
oxygen availability (Woods 1999).  This hypothesis necessarily holds true for the 
unicellular bacteria and protists that follow the TSR (Atkinson 1994), and there is also 
some evidence for larger cell size at lower temperatures in multicellular organisms from 
studies of Drosophila (Atkinson 1994), nematodes, flatworms, and fish blood cells 
(Atkinson & Sibly 1997), but does not seem to occur in plants (Atkinson & Sibly 1997).  
This mechanism has not been rigorously tested in a wide diversity of ectotherms, so it is 
difficult to tell if changes in cell size are a widespread phenomenon underlying the TSR 
across taxa. 
 
The TSR and efficiency of development in invertebrates 
It seems that for some invertebrate species, development is more efficient and 
larvae are larger when reared at higher temperatures, and for others, development is more 
efficient and larger larvae are produced at lower temperatures.  Fisher and colleagues 
(2009) found that larvae of the crab Cancer setosus reared at lower temperatures used 
more of their fatty acid stores, which they accredit to longer periods of development.  
 16 
Similarly, Geister and others (2009) found that early development of the butterfly 
Bicyclus anynana was more efficient at lower temperatures—larvae reared at lower 
temperatures used more energy per mg of hatchling mass during development.  
Conversely, Evjemo and others (2001) raised Artemia sp. nauplii at a range of 
temperatures and found that the nauplii used more protein and lipid during the course of 
development at higher temperatures, and used protein and lipid at a faster rate.  García-
Guerrero and colleagues (2003) also found that larvae of the crayfish Cherax 
quadricarinatus used more lipid and protein during development and consumed more 
energy overall when raised at higher temperatures.  These data combined show that the 
effects of temperature on the efficiency of larval development of invertebrates can be 
variable.  More work examining the effects of temperature on the assimilation and energy 
expenditure that lead to changes in growth efficiency in invertebrate larvae will provide 
greater insight into why increased temperatures may lead to increases in growth 
efficiency in some cases and reductions in growth efficiency in others. 
 
 
Temperature can vary greatly between the environment a larva experiences and an 
adult of the same species experiences, and spatially and temporally, so it is important to 
study how temperature can affect all life history stages.  To understand how temperature 
may affect the quality of larvae and juveniles of marine invertebrates, it is important to 
examine how temperature affects their energy acquisition and utilization, as quality is 
often assessed by parameters such as growth and nutrient reserves that are dependent 
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upon the energetic state of the individual.  Larvae that are more energetically efficient 
during growth will be larger and will accumulate more nutrient reserves for post-
metamorphic growth.  Increased larval size and energy stores will likely in turn increase 
juvenile quality and survival, leading to increased recruitment of juveniles to existing 
populations.  If marine invertebrate larvae follow the TSR, populations in warmer regions 
of a species’ range may be more vulnerable due to limited recruitment by poor quality 
juveniles caused by higher rearing temperatures, which could necessitate stronger 
conservation efforts in these areas.   
To study the effects of temperature on the physiological energetics of larvae of 
marine invertebrates, I will address the following questions: 
1. Does temperature affect the energy budgets of feeding larvae?  Do these 
larvae follow the temperature-size rule, and if so, can examining the effects of 
temperature on energy acquisition, growth, and energy loss explain why the 
larvae are larger at lower rearing temperatures? 
2. Does temperature affect energy utilization by nonfeeding larvae?  The 
main effects of temperature on the energy utilization by nonfeeding larvae 
should be through changes in how much energy is utilized metabolically.  
Nonfeeding larvae will not be able to eat to offset any increased energy losses 
that occur via metabolism at higher temperatures.  Will the lack of an 
exogenous food source change how energy utilization by these larvae is 
affected by temperature relative to feeding larvae? 
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3. Does temperature affect how larvae with different amounts of 
maternally-provided energy utilize those energy stores?  Smaller eggs 
generally contain less energy than larger eggs (Jaeckle 1995).  When reared at 
higher temperatures, do larvae from smaller eggs utilize their egg energy 
stores at faster rates than larvae from smaller eggs?  Species of marine 
invertebrates from colder environments often have larger eggs than species 
from warmer environments (Thorson 1950; Mileikovsky 1971; Laptikhovsky 
2006; Marshall et al. 2012), and differences in how temperature affects energy 
utilization by larvae from different egg sizes may shed light upon why large 
eggs are favored in colder thermal regimes and vice versa. 
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THE EFFECTS OF TEMPERATURE ON  
ENERGY UTILIZATION BY FEEDING LARVAE 
 
Introduction 
Temperature is one of the most important environmental factors affecting all 
organisms, particularly ectotherms.  Temperature has a strong effect on the physiological 
processes of ectotherms, which in turn can alter their growth and metabolism. One well-
known effect of temperature on ectotherms is that most ectotherms reared at lower 
temperatures are larger than those reared at higher temperatures; this phenomenon is 
known as the Temperature-Size Rule (Atkinson 1994; Atkinson & Sibly 1997; Angilletta, 
Steury & Sears 2004).  The Temperature-Size Rule (TSR) has been observed and 
discussed in depth in the literature, and although several hypotheses have been put 
forward to explain the mechanism behind the TSR, no single hypothesis has been 
overwhelmingly supported by experimental evidence (Atkinson & Sibly 1997).   
One potential explanation for the inverse relationship between size and rearing 
temperature is that metabolism, that is, the biological processes involved in utilizing 
energy to grow, develop, and maintain homeostasis, may be more strongly affected by 
temperature than assimilation, or processes involved in digestion and uptake of energy 
from food (von Bertalanffy 1960; Perrin 1995; Atkinson & Sibly 1997).  According to 
this hypothesis, at lower temperatures, growth efficiency is higher because metabolic 
costs are reduced relative to energy assimilated.  If developmental rates are more strongly 
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affected by temperature than are growth rates, differences in body size would result 
(Forster, Hirst & Atkinson 2011; Forster, Hirst & Woodward 2011; Forster & Hirst 
2012).  Within a range of temperatures, growth can also be affected by factors such as 
resource availability and changes in cell size, so differences in metabolic rate may not be 
the only mechanism underlying the pattern of larger body size at lower temperatures 
(Atkinson & Sibly 1997).  Temperature could also affect development more strongly than 
growth (van der Have & de Jong 1996).  It is likely that no one single mechanism 
underlies the TSR in all taxa. 
 
Larvae and temperature 
Marine invertebrates possess a striking diversity of life history strategies, many 
involving indirect development via a planktonic larval stage.  Larvae are small 
ectotherms that can experience wide temperature variation during development; in 
general, temperature has a larger effect on the developmental rates of larvae than other 
environmental parameters such as food availability do (Hart & Strathmann 1995).  
Increases in temperature speed up the rate of development of ectotherms (Gillooly et al. 
2002).  The earliest life history stages of animals tend to have a more narrow range of 
temperatures in which they are able to successfully develop than later developmental 
stages (Cossins & Bowler 1987).  However, little is known about how other aspects of 
the physiology of marine invertebrate larvae, such as energy utilization, are affected by 
temperature.  This raises the question, do marine invertebrate larvae follow the TSR?  If 
so, can we identify the underlying mechanisms and the consequences for post-larval 
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performance? Changes in rearing temperature could result in variation in larval quality, 
reflected in differences in size and energy reserves, due to altered metabolic rates and 
growth efficiency. 
Larval quality can affect subsequent stages of development (reviewed in Podolsky 
and Moran 2006; Pechenik 2006), and so it is important to identify factors such as 
temperature that may alter larval quality to understand how the organism as a whole may 
be affected throughout its life cycle.  Juveniles that are larger in size tend to perform 
better after metamorphosis (Moran & Emlet 2001; Phillips 2002; Marshall, Bolton & 
Keough 2003; Emlet & Sadro 2006), so if the TSR holds true for larvae of marine 
invertebrates, and developing if in a warmer environment results in smaller larval and 
subsequent juvenile size, it could potentially affect juvenile survival and therefore the 
recruitment of new individuals to populations.   
Changes in the energetic efficiency of growth and development with rearing 
temperature may impact the size of organisms.  Higher growth efficiency at lower 
temperatures would result in larger body size (Angilletta & Dunham 2003; Angilletta 
2009) and there is some experimental evidence that differences in energetic efficiency 
lead to differences in body size (Heilmayer, Brey & Pörtner 2004; Larsson & Berglund 
2005; Karl & Fischer 2008).  In some crustaceans, lower temperatures result in more 
efficient growth (Evjemo, Danielsen & Olsen 2001; García-Guerrero, Villarreal & Racota 
2003), where growth efficiency is assessed by the amount of energy needed to create a 
juvenile.  Conversely, in other crustaceans and insects, growth may be more efficient at 
higher temperatures (Fischer et al. 2009; Geister et al. 2009).  The common thread 
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among these studies is that body size is larger at the temperature that causes the greatest 
growth efficiency. 
 
Because temperature can have a strong effect on body size, which can in turn 
affect performance and survival, it is important to understand how temperature may 
affect the quality and size of larvae and juveniles, as quality can impact growth and 
survival.  We focus here on an energetic explanation for the TSR because larval and 
juvenile quality are often assessed by the quantities of energy stores present, and studying 
any changes in these stores due to temperature will therefore affect larval and juvenile 
quality.  Changes in growth efficiency caused by rearing temperature may result in 
changes in larval and juvenile quality. The TSR could result from increased energy intake 
via feeding at higher temperatures, decreased energy expenditure via metabolism and 
excretion, or a combination of the two.  In this study, we raised larvae of the sea urchin 
Lytechinus variegatus at three different environmentally-relevant temperatures to see 
whether larvae and juveniles followed the Temperature-Size Rule.  Also, by comparing 
the relative strength of the effects of temperature on different physiological processes 
(feeding, assimilation, metabolism, excretion), we tested the hypothesis that differences 
in growth efficiency underlie the TSR in this species.  Larval development has been 
thoroughly studied for L. variegatus, with time to metamorphosis and size at 
metamorphosis reported by multiple sources (Table 2.1).  Comparing our observations of 
developmental timing and size at metamorphosis to these previously published data 
ensures that our data are within the range that would be expected for L. variegatus. 
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Table 2.1. Previously reported data on the timing to metamorphosis and juvenile size at 
metamorphosis for Lytechinus variegatus. N.R. = Not Reported. 
 
Rearing Collection Time to Juvenile  
Temp. Location Metamorphosis Test Diameter Source 
 
26°C Florida, USA 33-37 d 410 µm Mazur & Miller 1971 
23°C Puerto Rico 12 d N.R. Boidron-Metairon 1988 
26°C Florida, USA 10 d N.R. McEdward & Herrera 1999 
22-24°C Florida, USA 17 d 374-410 µm George et al. 2001 
25°C Florida, USA 18 d 408-418 µm George et al. 2004 




Adults of Lytechinus variegatus were obtained from Gulf Specimen Marine Lab, 
Panacea, FL, USA in May of 2010.  Spawning was induced by intracoelomic injection of 
0.5 M KCl.  To ensure large numbers of gametes and high genetic diversity, eggs from 9 
females were fertilized with sperm from 9 males and mixed to create a common pool of 
gametes.  Approximately 20 minutes after fertilization the zygotes were split into three 
temperature treatments: 23°C, 27°C, and 30°C (all ±1°C) which are all temperatures that 
larvae would normally experience during this species’ reproductive season in the field 
according to NOAA sea surface temperature data (NOAA Comprehensive Large Array-
Data Stewardship System SST14NA data).  Larvae were reared in 20 L food storage 
containers (Cambro, Huntington Beach, CA, USA) using artificial sea water (Instant 
Ocean, Spectrum Brands Inc., Madison, WI, USA) at 32-34 ppt with 50 mg/ml 
streptomycin and 25 mg/ml penicillin added to reduce bacterial growth (Strathmann 
1987).  Larvae were fed ad libitum on the unicellular alga Dunaliella tertiolecta.  The  
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Figure 2.1. Rudiment-stage larva of Lytechinus variegatus. The juvenile rudiment (R), 
outlined by the dashed line, is the juvenile growing inside of the larval body. The 
greenish structure to the left of the rudiment is the stomach (ST). The blue line shows 
how midline body length (MBL) was measured. Scale bar = 200 µm. 
 
concentration of algae in the larval cultures was counted daily and algal concentrations 




; cultures were also frequently checked also to ensure 
that they constantly had high algal concentrations (i.e. a greenish tinge to the water).  
Water was changed every 3-4 days.  During water changes, all larvae were mixed 
together and placed back into clean culture vessels containing fresh ASW at a density of 
approx. 2-3 larvae ml
-1
. 
Larvae were sampled at the gastrula, prism, 4-arm, 6-arm, 8-arm, and rudiment 
stages.  (Larvae at the rudiment stage are 8-armed larvae that had a visible juvenile 
rudiment [Fig. 1], indicating that the larvae are nearing metamorphic competence.)  




stage, determined by staging all larvae in a haphazardly-collected sample of 20-40 larvae 
per temperature.  Photomicrographs of 10 larvae were taken at each sampling.  Size of 
larvae was estimated as the midline body length (MBL) of the larvae, measured using 
NIH Image J software.  MBL is the length of the larva along its midsaggital plane and 
does not include the length of the larval arms (Fig. 1).  Due to high levels of mortality 
before reaching the gastrula stage at the 30°C treatment, blastula stage larvae were moved 
from the 23°C temperature treatment to 30°C at the early gastrula stage but were not 
sampled until the prism stage.  Data from 30°C gastrulae were obtained by collecting the 
larvae that were able to develop at 30°C from fertilized eggs and swim up to the top of 
the larval culture after early embryonic development. 
When a well-developed rudiment (at least as large as the larval stomach) was 
present in at least 50% of the larvae at a particular temperature, the larvae were moved to 
shallow settlement dishes.  Sediment from a tank containing adults of L. variegatus was 
added to each dish as a settlement cue.  From each temperature treatment, 36 newly-
metamorphosed juveniles were haphazardly selected and placed individually in a well of 
a 12-well plate.  These juveniles were maintained at their respective rearing temperatures 
and were photographed every 3 days for 30 days to monitor juvenile growth.  Juveniles 
were checked every three days for survival; juveniles were scored as dead if they were no 
longer moving and had lost their spines.  Water in the wells was changed and food 
(rehydrated dried green marine algae, Ocean Nutrition Seaweed Select) was added every 




Biochemical constituent analysis 
Lipid was extracted from samples of 100-1500 eggs or larvae, depending on 
stage, or 10 juveniles according to Blight and Dyer (1959) as modified by Moran and 
Manahan (2003) using a 2 methanol: 2 water: 1 chloroform solution.  Samples of 40-
5000 larvae or juveniles for biochemical analysis were frozen at each developmental 
stage studied and kept at -80°C until analysis.  Biochemical analyses were all performed 
on triplicate samples.   
 
Lipid 
A known quantity of fatty alcohol (stearyl alcohol) served as an internal standard 
and was added to each sample before the lipid extraction.  The extracted lipid was 
dissolved in chloroform (20-40 µl chloroform per sample) and spotted onto quartz 
Chromarods (Iatron Laboratories, Inc., Tokyo, Japan), 1-2 µl per rod with 3 rods per 
sample.  The rods were then developed using a 60 hexane: 6 diethyl ether: 0.1 formic acid 
(v/v/v) solution for 30 minutes and dried under a stream of N2.  Extracted lipids were 
quantified using an Iatroscan MK6 flame ionization detection-thin layer chromatography 
system (Iatron Laboratories, Inc., Tokyo, Japan) using Peak Simple v3.88 software (SRI 
Instruments, Menlo Park, CA, USA).  Lipid classes were quantified using tripalmitin 
(TCI #G0213, Tokyo, Japan) for triglycerides (TG), stearyl alcohol (TCI America 
#O0006, Portland, OR, USA) for fatty alcohols (ALC), cholesterol (Alfa Aesar #A11470, 
Ward Hill, MA, USA) for sterols (ST), and L-α-lecithin (Calbiochem #524617, La Jolla, 
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CA, USA) for phospholipids (PL).  Total lipid (TL) was calculated by adding together the 
quantities of all measurable lipid classes. 
 
Protein and carbohydrate 
Protein was extracted from samples of 10-150 larvae or juveniles using the TCA 
method described by Holland and Gabbott (1971).  Protein content was measured using a 
modified Lowry assay (Pierce Micro BCA protein assay kit, Fisher #PI-23235) with 
bovine serum albumin provided in the protein assay kit as a standard, following the 
microplate procedure provided by Pierce Biotechnology with the modification of placing 
100 µl of protein extract and 100 µl of the Micro BCA Working Reagent in each well of 
a 96 well plate.  Carbohydrate was also extracted with TCA and analyzed using glucose 
(Fisher #D16-500, Fair Lawn, NJ, USA) as a standard according to Holland and Gabbott 
(1971) as modified by Moran and Manahan (2003).  
 
Consumption rates 
Rates of algal consumption were determined following the methods of Pace et al. 
(2006).  Briefly, larvae (300/tube) were placed into three 15 ml centrifuge tubes filled 
with ASW.  An additional three tubes were filled with artificial sea water only.  Larvae 





) to each of the six centrifuge tubes, three tubes with larvae and three 
without.  Tubes were then wrapped in aluminum foil to exclude light and minimize the 
growth of the algae and placed at the appropriate rearing temperature.  Algal 
 36 
concentrations in the tubes were checked every 1-2 hours after the first 4 hours of 
incubation until there was a detectable difference in the concentration of algae in the 








Oxygen consumption rates were measured using the µBOD method described by 
Marsh and Manahan (1999).  Briefly, 10-4000 larvae (depending on developmental 
stage) were loaded into 500-700 µl gas-tight vials and incubated for 2-5 hours at the 
proper rearing temperature.  Oxygen content of the vials was then measured using a 
Strathkelvin 1302 Clark-style oxygen electrode (Strathkelvin Instruments Ltd., North 
Lanarkshire, Scotland).  The amount of oxygen consumed per hour in each vial was 
plotted against the number of larvae in that vial; each vial (generally 7-8 total per 
respiration run) was represented by a point on the plot.  A regression line was fitted 
through the points on the plot and the slope of the regression line was used as the 




) at a particular temperature and stage. 
 
Ammonia excretion rates 
To determine ammonia excretion rates of larvae, larvae were placed in centrifuge 
tubes in 50 ml of ASW with 150-2800 larvae per tube (depending on developmental 
stage).  An additional sample of ASW was placed in a 50 ml centrifuge tube to determine 
the ammonia content of the sea water itself.  Larvae were incubated for 20-25 hours and 
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then removed via filtration.  The ASW was then placed immediately in a refrigerator at 
4°C until analysis (within 24 h, Koroleff 1983).  Ammonia content was determined using 
the indophenol blue method as described by Koroleff (1983) and modified by Lemos et 
al. (2003).  The absorbance of the samples was measured at 630 nm using a Shimadzu 
UV-2401PC spectrophotometer (Kyoto, Japan) with a cylindrical 10 cm pathlength 
optical glass cuvette (Starna Cells #34-SOG-100). 
 
Energy budgets 
To examine differences in energy utilization by the larvae, we calculated the 
energy moving in to the larvae (Ein), the energy put toward growth (Egrow) and the energy 
moving out of the larvae (Eout): 
Ein = Egrow + Eout 
Ein was estimated from the total number of algal cells consumed during development, 
calculated as the area under a curve when algal consumption data were plotted versus 
age (h), using Sigma Plot 11 software (Systat Software, Inc.).  A value of zero was set at 
age = 0 and the rate at the rudiment stage was used as the respiration rate at the time of 
metamorphosis.  The energetic content of D. tertiolecta cells was calculated as described 
by Pechenik (1980).  A value for the carbon content of D. tertiolecta cells (Mullin, Sloan 
& Eppley 1966) was multiplied by the calorie equivalent for carbon content of 
microalgae (Platt & Irwin 1973) to convert pg carbon cell
-1
 to calories cell
-1
, which was 
subsequently converted to J cell
-1
.  Egrow was calculated by subtracting the energetic 
content of the egg from the energy content of the post-metamorphic juveniles.  Protein, 
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lipid, and carbohydrate content were converted to energy by multiplying the quantities of 
each biochemical constituent present in the animals by their energy equivalents (24.0 kg 
g
-1
 for protein, 39.5 kg g
-1
 for lipid, and 17.5 kg g
-1
 for carbohydrate).  Eout was calculated 
by adding the energy lost via respiration and the energy equivalents of the amount of 
ammonia excreted.  Total oxygen consumed and ammonia excreted were calculated by 
plotting respiration or ammonia excretion rate by age (h) and calculating the area under 
the curve in the same manner described above for feeding rates.  Total oxygen consumed 
was multiplied by the average oxyenthalpic equivalent for protein, lipid, and 
carbohydrate, 484 kJ per mol O2 (Gnaiger 1983) to determine the energy used via 
respiration.  Energy lost via ammonia excretion was converted to energy by multiplying 
the total amount of ammonia excreted over development by its energy equivalent, 20.5 kJ 
g NH3
-1
 (Brafield & Llewellyn 1982). 
 
Statistical analysis 
Changes in larval midline body length, biochemical constituent content, feeding 
rates, respiration rates, and ammonia excretion rates over development were examined 
using ANCOVA analyses.  Mean values of the triplicate subsamples for the biochemical 
data and mean body size, feeding rate, and ammonia excretion rate measurements at each 
time point were used in the analyses. TG and TL data were separated into “early” (up to 
the 4-arm stage) and “late” (after the 4-arm stage) development because TG was 
consumed as an energy source during early development and then subsequently stored 
after the larvae began to feed.  For analyses of respiration rate, we used the respiration 
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rate at each time point and temperature calculated from the slope of the regression line 
calculated for each run, as described above.   
To analyze our data, for each parameter (e.g. protein content, feeding rate) we 
fitted linear regression lines at all three temperature using age (h) as the independent 
variable and rearing temperature as a covariate.  We then compared the regressions using 
a model that included terms for age, temperature (which compared intercepts), and 
temperature*age (which compared slopes).  Calculations were performed using the Fit 
Model dialog in JMP 9 (SAS Institute, Inc., Cary, NC, USA).  Because our data were 
obtained from pooled larvae from multiple females and males, each mean (e.g. for three 
protein samples) represented only one true biological replicate.  Therefore, the total error 
in our analysis was calculated using the lack of fit error term from the linear regression 
(Shillington 1979) since we were unable to calculate pure error due to the lack of 
replication.  For all analyses, α = 0.05. 
Because the distribution of the biochemical content data was exponential, to make 
the data linear in order to perform ANCOVA analyses, the parameters measured were 
transformed using root functions.  When necessary, we also transformed the independent 
variable (age) using a power function to ensure that the residuals were normally 
distributed.  We chose the root and power that resulted in the normal distribution of 
residuals and maximized the r
2
 value of each regression (Gotelli & Ellison 2004).   
To make comparisons of temperature effects at particular developmental stages 
(e.g. gastrula, prism, etc.), we used the ANCOVA method described above to test for Y-
intercept differences between temperatures by setting t=0 for each independent variable.  
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For example, to compare the gastrula stages at the three temperatures, the gastrula stage 
was set at t (x) =0, and other stages were adjusted accordingly; e.g. for the egg (which 
was t=0 in the previous analysis) t = -19 h  at 23°C, t = -16 h at 27°C, and t = -15 h 30°C, 
and  for the prism stage, t = 5 h at 23°C, t = 6 h at 27°C, and t = 6 at 30°C, and so on.  
Contrasts were then performed at t = 0, which in this case would compare the protein, 
lipid, etc. content of the gastrulae reared at the three experimental temperatures.  In cases 
when age had been transformed to ensure that the residuals were normally distributed, the 
same transformation was applied to the modified age values needed to make comparisons 
between larval stages. 
Differences in rates of juvenile mortality were analyzed by running a survival 
analysis and plotting Kaplan-Meier survival curves (Kleinbaum & Klein 2012) in JMP 9.  
Juvenile growth was analyzed by fitting a linear regression slope of the average test 
diameter at each temperature against time, as described above for biochemical 
accumulation, with average test diameter at each time point as the independent variable.  
The number of individuals measured at each time point to determine the average test 
diameter changed over time due to differential mortality in the temperature treatments.  
Therefore, we weighted the test diameter values by the number of juveniles that were 
used to calculate that average value, with a greater weight given to values that were an 






Growth and mortality 
Larvae developed more slowly at cooler temperatures (Table 2.2).  Growth rate 
(µm day
-1
) (Fig. 2.2, measured as change in MBL ) was higher at 30°C (10.9 µm day
-1
) 
than 27°C (8.9 µm day
-1
) or 23°C (8.1 µm day
-1
), but these rates were not significantly 
different (p = 0.11).  One day after metamorphosis, juveniles were significantly larger at 
23°C (408 ± 5µm,   ± SE) than at 27 (397 ± 6 µm) or 30°C (375 ± 4 µm, contrasts: p < 
0.0001).  Growth rates for juveniles were significantly different among the three 
temperatures (p < 0.0001) and were lowest at 23°C (0.5 µm day
-1
), intermediate at 27°C 
(1.8 µm day
-1
), and highest at 30°C (2.1 µm day
-1
).  The intercepts of the growth rate 
regression lines were significantly different (p < 0.001), indicating that temperature had a 
significant effect on juvenile size after metamorphosis.  Juvenile mortality was 
significantly affected by temperature (χ-Square: p < 0.0001); juveniles reared at 30°C 
died more quickly than juveniles reared at 27 or 23°C (Fig. 2.3). 
 
Table 2.2. Timing of Lytechinus variegatus development 
 
Stage 23°C 27°C 30°C 
 
Gastrula 19 h 16 h 15 h 
Prism 24 h 22 h 21 h 
4-arm 55 h 45 h 40 h 
6-arm 15 d 12 d 5 d 
8-arm 22 d 19 d 17 d 
Rudiment 30 d 28 d 26d 





Figure 2.2. Midline body length of larvae of Lytechinus variegatus at various 
developmental stages reared at three temperatures: 30°C (white circles), 27°C (grey 
circles), and 23°C (black circles). Error bars denote SE (n = 10). 
 
 
Figure 2.3. Cumulative mortality of juveniles of Lytechinus variegatus reared at three 






Figure 2.4. Changes in total lipid content of larvae of Lytechinus variegatus over 
development reared at three temperatures: 30°C (white circles), 27°C (grey circles), and 
23°C (black circles). Error bars denote SE (n = 3). 
 
Lipid 
Across all temperatures, TL (ng larva
-1
) decreased significantly through the 4-arm 
stage (Fig. 2.4, ANCOVA: r
2
 = 0.8473, p = 0.001).  Rearing temperature did not 
significantly affect the amount of TL in the gastrulae, prism, or 4-arm larval stages (Table 
2.3).  The change in TL (ng larva
-1
) during early development was not different among 
the three temperature treatments (p = 0.43).  After the 4-arm stage TL significantly 
increased with age (r
2
 = 0.95, p < 0.0001).  Temperature did not significantly affect TL at 
the 6-arm larval stage or in juveniles, but 8-arm and rudiment stage larvae did have 
significantly more TL at 23°C (Table 2.3).  The rates of TG accumulation did not change 











Table 2.3. P-values for contrasts performed on quantities of biochemical constituents present in larvae and juveniles of 
Lytechinus variegatus. Bold values indicate a significant effect of temperature.  
 
Stage TL ST PL TG Protein Carbohydrate 
 
Gastrula 0.1869 0.6281 0.9631 0.2918 0.8173 
Prism 0.0848 0.6281 0.9632 0.1448 0.8172 
4-arm 0.2693 0.6262 0.9539 0.3236 0.8143 0.8143 
6-arm 0.2522 0.0435 0.0019 0.0092 0.0083 0.0072 
8-arm 0.0367 0.0051 0.0012 0.0011 < 0.0001 0.2176 
Rudiment 0.0256 0.1120 0.0195 0.0037 0.0135 0.6427 






Figure 2.5. Changes in sterol (ST) content of larvae of Lytechinus variegatus over 
development reared at three temperatures: 30°C (white circles), 27°C (grey circles), and 
23°C (black circles). Error bars denote SE (n = 3). 
 
were not significantly different, longer development times at lower temperatures resulted 
in greater lipid content at later developmental stages.   





, Fig. 2.5, ANCOVA: p = 0.19).  When ST quantities (ng larva
-1
) were compared at 
different developmental stages, only 6-arm and 8-arm larvae contained statistically 
different quantities (Table 2.3).   
Over the course of the experiment, PL content (ng larva
-1
) increased significantly 
(Fig. 2.6, ANCOVA: p < 0.0001).  The PL content of larvae was not significantly 





Figure 2.6. Changes in phospholipid (PL) content of larvae of Lytechinus variegatus over 
development reared at three temperatures: 30°C (white circles), 27°C (grey circles), and 
23°C (black circles). Error bars denote SE (n = 3). 
 





) were not significantly different among temperatures (ANCOVA: p = 0.92).  
PL content of juveniles was not significantly affected by temperature (Table 2.3).   
The change in TG content (ng) of larvae during development was not significantly 
affected by temperature up to the 4-arm stage (Fig. 2.7, ANCOVA: p = 0.48).  Contrasts 
of TG quantities at the 3 rearing temperatures showed that TG content during early 
development was not significantly affected by temperature in gastrulae, prism, or 4-arm 
larvae (Table 2.3).  After reaching the 4-arm stage, when food was added to the larval 





Figure 2.7. Changes in triacylglycerol (TG) content of larvae of Lytechinus variegatus 
over development reared at three temperatures: 30°C (white circles), 27°C (grey circles), 
and 23°C (black circles). Error bars denote SE (n = 3). 
 
 
Figure 2.8. Changes in TG content relative to protein content over development reared at 










) were not 
significantly affected by temperature (p = 0.13).  Temperature significantly affected the 
TG content of the larvae at the 6-arm, 8-arm and rudiment stages (Table 2.3).  Juveniles 
did not contain detectable amounts of TG at any of the rearing temperatures.  Larvae 
reared at lower temperatures contained greater quantities of TG relative to protein (Fig. 
2.8).  The increase in TG:protein ratios in larvae reared at cooler temperatures was 
particularly pronounced after the 4-arm stage, after the larvae had stopped using the TG 
stores from the egg to fuel morphogenesis to the feeding stage and began to accumulate 
TG stores to fuel metamorphosis (Fig. 2.8). 
 
Protein 
Protein content increased significantly as the larvae developed (Fig. 2.9, 
ANCOVA: p < 0.0001).  Contrasts of protein content at each developmental stage 
showed that total protein (µg larva
-1
) was significantly affected by temperature at the 6-
arm, 8-arm, and rudiment stage larvae, but not at the gastrula, prism, and 4-arm larval 




) was not significantly 
affected by temperature (ANCOVA: p = 0.16).  Juveniles also contained significantly 
more protein when reared at 23°C (Table 2.3).   
 
Carbohydrate 
Total carbohydrate (ng larva
-1
) increased over the course of the experiment (Fig. 




Figure 2.9. Changes in protein content of larvae of Lytechinus variegatus over 
development reared at three temperatures: 30°C (white circles), 27°C (grey circles), and 
23°C (black circles). Error bars denote SE (n = 3). 
 
 
Figure 2.10. Changes in carbohydrate content of larvae of Lytechinus variegatus over 
development reared at three temperatures: 30°C (white circles), 27°C (grey circles), and 




Figure 2.11. Changes in feeding rates of larvae of Lytechinus variegatus over 
development reared at three temperatures: 30°C (white circles), 27°C (grey circles), and 
23°C (black circles). Error bars denote SE (n = 3). 
 
 
Figure 2.12. Changes in respiration rates of larvae of Lytechinus variegatus over reared 
at three temperatures: 30°C (white circles), 27°C (grey circles), and 23°C (black circles). 
Error bars denote SE (n = 3). 
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) were not changed by temperature (ANCOVA: p = 0.61).   
 
Consumption rates 





increased significantly with larval age (Fig. 2.11, ANCOVA: r
2
 = 0.95, p < 0.0001).  
Algal consumption rates were significantly affected by temperature at the 4-arm and 
rudiment stages but not at the 6-arm or 8-arm stages (Table 4).  Consumption rates 
increased more rapidly at 23°C (p = 0.0149) and more slowly at 30°C (p = 0.0410) than 
the average rate of change for the ANCOVA model.   
 
Respiration rates 




) increased as the larvae developed (Fig. 
2.12, ANCOVA: r
2
 = 0.96, p < 0.0001) and were lower at cooler rearing temperatures  
 
Table 2.4. P-values for contrasts performed to test the effects of temperature on algal 
consumption, respiration and ammonia excretion rates of larvae of Lytechinus variegatus. 
Bold p-values designate a significant effect of temperature. 
 
 Algal Respiration Ammonia 
Stage Consumption Rate Rate Excretion Rate 
 
Gastrula  0.0171  
Prism  0.0149  
4-arm 0.0225 0.0146 0.9868 
6-arm 0.3591 0.3591 0.6656 
8-arm 0.1560 0.2987 0.3737 





Figure 2.13. Changes in ammonia excretion rates of larvae of Lytechinus variegatus over 
development reared at three temperatures: 30°C (white circles), 27°C (grey circles), and 
23°C (black circles). Error bars denote SE (n = 3). 
 
(p = 0.0003).  Temperature had a significant effect on respiration rates at all stages except 
the 6-arm stage (Table 2.4).  Temperature did not affect how quickly respiration rates 
increased over development (p = 0.45).   
 
Ammonia excretion rates 




) increased significantly over 
development (Fig. 2.13, ANCOVA: r
2
 = 0.84, p = 0.0018).  Temperature did not have a 
significant effect on ammonia excretion at the 4-arm, 6-arm, 8-arm, or rudiment stages 
(Table 2.4).  The change in ammonia excretion rates over the course of the experiment 




Table 2.5. Values for the energy budget components, energy in (Ein), energy toward 
growth (Egrow), and energy out (Eout). 
 
Temperature Ein Egrow Eout 
  
23°C 385.5 mJ 116.4 mJ 11.2 mJ 
27°C 374.6 mJ 102.8 mJ 13.1 mJ 
30°C 352.5 mJ 85.9 mJ 19.1 mJ 
 
Energy budgets 
Larvae reared at cooler temperatures consumed more energy over the course of 
development; larvae consumed approximately 170,000 algal cells ind
-1
 at 23°C, 165,000  
algal cells ind
-1
 at 27°C and 156,000 algal cells ind
-1
 at 30°C.  Energy equivalents for 
algal consumption (Ein) are given in Table 2.5.  Ein was 9% greater at 23°C than at 30°C. 
Juveniles contained greater biochemical reserves at lower rearing temperatures.  
Energy equivalents of the biochemical reserves accumulated during development, 
calculated as the difference between eggs and juveniles, are presented in Table 2.6.  Total 
energy accumulated during growth (Egrow) is presented in Table 2.5.  Egrow was 36% 
greater at 23°C than at 30°C. 
Energy lost by larvae (Eout), determined via respiration and ammonia excretion, 
decreased with temperature.  Larvae reared at 23°C lost an average of 10.4 mJ ind
-1
 via 
respiration and 0.8 mJ ind
-1
 via ammonia excretion.  At 27°C, larvae lost 12.3 mJ ind
-1
 by 
respiration and 0.8 mJ ind
-1
 by ammonia excretion.  Larvae at 30°C lost 18.0 mJ ind
-1
 via 
respiration and 1.0 mJ ind
-1
 via ammonia excretion.  Total Eout at each experimental 




Table 2.6. Energy equivalents of biochemical constituents accumulated over the course 




 23°C 27°C 30°C 
 
Protein 82.5 67.9 52.9 
Lipid 30.7 30.2 30.2 
Carbohydrate 3.2 2.8 2.8 
 
Discussion 
According to the temperature-size rule, ectothermic organisms reared at lower 
temperatures are larger than those reared at higher temperatures within the organism’s 
optimal thermal range (Atkinson 1994).  Body size is both a key predictor of survival and 
performance and one of the most important determinants of how organisms interact with 
their environment (reviewed in Kingsolver & Huey 2008); therefore, understanding how 
and to what extent temperature alters larval and juvenile quality, assessed by size and 
energy stores, is important because juvenile quality can in turn affect recruitment of 
juveniles into existing populations.  Temperature can also affect the duration of 
development, with larvae in colder water experiencing longer larval durations, which can 
increase the risk of mortality (Gillooly et al. 2002).  Here, we examine the effects of 
temperature on size and energetic content of larvae of a sea urchin and describe the 
effects of temperature on the energetics of development as a means of understanding the 
mechanisms that underlie the TSR in this taxon.  Lytechinus variegatus followed the 
temperature-size rule; larvae reared at colder temperatures were larger and contained 
more protein after metamorphosis than larvae reared at warmer temperatures.  Older 
larvae reared at lower temperatures contained greater biochemical reserves than larvae 
reared at warmer temperatures as well.  Juveniles resulting from larvae reared at cooler 
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temperatures also experienced lower mortality, perhaps because of their larger size and 
larger energy reserves, which could be used to fuel juvenile growth. 
If the TSR is driven by increased growth efficiency at lower rearing temperatures 
(Atkinson & Sibly 1997; Angilletta & Dunham 2003; Karl & Fischer 2008), the 
mechanism could be either increased energy intake (Ein), decreased energy expenditure 
(Eout), or both increased Ein and decreased Eout at lower temperatures.  Our data suggest 
that larger juvenile size at lower rearing temperatures in L. variegatus is likely a result of 
both increased Ein and decreased Eout over the course of larval development.  Rates of 
algal consumption increased more rapidly at cooler rearing temperatures, which, 
combined with a longer larval duration, resulted in increased total energy intake.  At the 
same time, metabolic energy expenditures (as measured by oxygen consumption), the 
major component of Eout, was significantly affected by temperature, with reduced O2 
consumption at lower temperatures.  Increased respiration rates with age (Shilling & 
Manahan 1994; Marsh & Manahan 1999; Marsh, Cohen & Epifanio 2001; Pace & 
Manahan 2007; Ginsburg & Manahan 2009) and temperature (Dawirs 1983; Yagi, 
Ceccaldi & Gaudy 1990; Edmunds, Gates & Gleason 2001; Moran & Woods 2007) have 
been observed in larvae of other marine invertebrates as well, suggesting that increases in 
respiration rates observed with increasing age and temperature are common for marine 
invertebrate larvae.  Temperature effects on growth efficiency have only been examined 
in a handful of invertebrates, but these studies are also consistent with our data: larger 
body size caused by greater growth efficiency at low temperatures has been observed for 
crab and butterfly larvae (Fischer et al. 2009; Geister et al. 2009).  The results presented 
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here support the hypothesis that increased growth efficiency at lower temperatures is due 
to a combination of temperature-driven changes in Ein and Eout. 
The rates of accumulation of TL, ST, PL, protein, and carbohydrate were not 
significantly affected by temperature; thus, when larvae reared at lower temperatures 
accumulated greater biochemical reserves (e.g., Fig. 2.4-7, 2.9-10), this was largely due 
to the fact that development was longer at lower temperatures, providing a longer 
window for feeding.  In addition, the statistical methods that we employed to detect any 
differences are conservative; adding additional replicates might detect any subtle effects 
of temperature on rates of accumulation.  Often, when biochemical content at a particular 
stage was not significantly affected by temperature according to the contrasts performed 
on the data, the standard errors of the measurement of the biochemical constituent did not 
overlap, suggesting that additional replicates and the use of ANOVA analyses to make 
comparisons at each developmental stage might show that temperature had a significant 
effect on the quantity of each constituent at a particular stage, or additional replicates 
might show that rates of accumulation were indeed statistically affected by temperature. 
In older larvae (6-arm stage and later), TG reserves were greater at lower rearing 
temperatures when compared between larvae at given developmental stages.  TG is the 
source of energy for early morphogenesis in many marine invertebrate larvae, including 
echinoderms (Kozhina & Terekhova 1978; Yasumasu et al. 1984; Podolsky et al. 1994; 
Sewell 2005; Meyer et al. 2007; Prowse, Sewell & Byrne 2008) and molluscs (Moran & 
Manahan 2003; Moran & Manahan 2004); if energy is being consumed at a slower rate at 
lower temperatures, as the respiration rates would suggest, we would expect that TG 
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consumption rates during the development of the feeding larva would also be lower.  
Larvae reared at 23°C accumulated more TG relative to protein than larvae reared at 
27°C or 30°C (Fig. 2.8), most noticeably after initial morphogenesis to form the feeding 
larva (up to the 4-arm stage), showing that lower rearing temperatures may allow larvae 
to accumulate greater energetic lipid stores relative to body mass, which can 
subsequently be used to meet the energetic demands of metamorphosis. 
TG is the major energetic lipid in planktotrophic larvae, such as the larvae of L. 
variegatus, so the accumulation of larger TG stores during larval development both 
overall and relative to protein content at colder temperatures should provide more energy 
for larvae during and after metamorphosis than is available to larvae with smaller TG 
stores reared at higher temperatures.  The complete depletion of TG reserves between the 
rudiment and juvenile stages suggests that regardless of how much TG larvae had 
accumulated prior to metamorphosis, the entire larval TG supply was used to fuel the 
start of metamorphosis through the first day after metamorphosis.  Bigger larvae appear 
to need greater quantities of TG to complete metamorphosis into a larger juvenile.  The 
complete utilization of these TG stores also suggests that the cost of metamorphosis is 
high, which has been shown in molluscs (Holland & Spencer 1973; Shilling, Hoegh-
Guldberg & Manahan 1996; Videla et al. 1998; Chaparro et al. 2012), crustaceans (Lucas 
et al. 1979), and bryozoans (Wendt 2000).  The high energetic cost of metamorphosis 
likely explains the lack of significant differences in the lipid content of the juveniles; the 
low-temperature larvae may have used a greater amount of lipid to fuel the production of 
a larger juvenile.   
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Ammonia excretion is rarely measured for marine invertebrate larvae, so we know 
little about how much energy is lost by this route in other taxa.  Ammonia excretion rates 
were not affected by temperature, but total ammonia excretion overall was lower at lower 
temperatures despite longer development times.  Ammonia excretion was a minor 
contributor to Eout compared to respiration rates (approximately 6-8% of total Eout), so 
Eout was strongly affected by temperature despite the lack of an effect of temperature on 
ammonia excretion rates.  There are not many studies of larval ammonia excretion rates.  
Lemos et al. (2003) examined the respiration and ammonia excretion rates of the shrimp 
Farfantepenaeus paulensis and the mussel Perna perna.  The ammonia excretion rates 
we obtained for the larvae of L. variegatus were comparable to F. paulensis and P. perna 
after accounting for the smaller size and lower overall metabolic activity of L. variegatus 
larvae.  The O:N ratio of the shrimp larvae ranged from 6.5 to 82.4 and was 3.7 in the 
mussel larvae.  The O:N ratios for the larvae of L. variegatus were similar but slightly 
lower than the crustacean values, ranging from 6.3 to 45.4.  The main component of the 
excretion term of an energy budget is the energy in the feces (Brafield & Llewellyn 
1982), which we were unable to measure because we did not collect the feces that our 
larvae produced due to the small quantities of feces produced and the large volume of our 
larval culture vessels. 
Larger, higher quality juveniles resulting from larger larvae with greater 
biochemical stores have been shown to experience lower rates of mortality in several 
marine invertebrates (Jarrett & Pechenik 1997; Moran & Emlet 2001; Phillips 2002; 
Marshall, Bolton & Keough 2003; Emlet & Sadro 2006).  These observations, combined 
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with the data presented here, suggest that all else being equal, larvae reared at cooler 
temperatures may have an advantage over larvae reared at warmer temperatures, and 
populations of marine invertebrates that recruit from larvae grown at warmer 
temperatures may be at a disadvantage because they derive from lower quality recruits.  
The greater mortality rates experienced by L. variegatus juveniles reared at warmer 
temperatures also supports this hypothesis.  Populations of marine invertebrates with 
complex life histories may therefore be affected by the temperatures at which their early 
life history stages develop due to the differences in juvenile quality. 
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THE EFFECTS OF TEMPERATURE ON  
ENERGY UTILIZATION BY NONFEEDING LARVAE 
 
Introduction 
For marine invertebrates with complex life histories, the environmental conditions 
experienced by larvae during development can affect the subsequent performance of 
juveniles after metamorphosis.  Changes in larval quality can affect post-metamorphic 
performance (Moran & Emlet 2001; Phillips 2002; Emlet & Sadro 2006), so larval 
quality can have important impacts on populations.  It is particularly important to study 
the effects of temperature on larval and juvenile quality, as the effects of temperature are 
one of the most pervasive environmental factors animals experience (Angilletta 2009).  
Higher temperatures increase metabolic rates of ectotherms by increasing rates of 
biochemical reactions (Hochachka & Somero 2002), which can affect energy utilization 
by the animal as a whole. 
Two distinct maternal provisioning strategies are observed in the marine 
invertebrates (Vance 1973).  Some species produce many small eggs that develop into 
larvae that must obtain exogenous food to grow and develop (planktotrophy), while 
others produce fewer large eggs that do not require food to develop (lecithotrophy).  
Planktotrophs with small eggs and lecithotrophs are two extremes on a continuum of 
dependence on external energy to complete metamorphosis (Herrera, McWeeney & 
McEdward 1986).  Planktotrophic larvae are thought to be ancestral in most taxa, with 
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lecithotrophic development evolving independently multiple times (Strathmann 1978; 
Strathmann 1993); many lecithotrophic larvae have lost the feeding structures present in 
the planktotrophic ancestor (Strathmann 1993).  Among planktotrophs, egg size also 
varies and is correlated with maternal investment.  Presumably because of greater 
maternal investment of energy and material, larvae from larger eggs can reach more 
advanced stages of development without exogenous food compared to larvae from small 
eggs (Herrera, McWeeney & McEdward 1986; Reitzel et al. 2005).  In contrast to 
planktotrophs, larval development in lecithotrophs is fueled almost entirely by energy 
from the egg, Rarely, species may show an intermediate strategy called facultative 
planktotrophy, in which larvae can complete metamorphosis without exogenous food, but 
retain larval feeding structures and are able to feed and assimilate additional nutrients if 
present (Herrera, McWeeney & McEdward 1986).   
In addition to differences in maternal provisioning, the dichotomy between 
planktotrophy and lecithotrophy is also reflected in major biogeographic patterns of the 
mode of larval development. In general, a larger percentage of marine invertebrates living 
at high latitudes have lecithotrophic and non-planktonic larvae, and a greater percentage 
of planktotrophs live at low latitudes, a pattern referred to as Thorson’s Rule (Thorson 
1950; Mileikovsky 1971).  Recent analyses show that the pattern does seem to hold true, 
most strongly in the Southern Hemisphere (Marshall et al. 2012).  Thorson hypothesized 
that latitudinal differences in the availability of planktonic food were responsible for the 
paucity of planktotrophs at high latitudes (Thorson 1950; Laptikhovsky 2006), although 
this explanation is unlikely to be true, since chlorophyll levels should decrease with 
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increasing latitude if food availability was driving Thorson’s rule, but this relationship 
between chlorophyll levels and latitude does not occur (Marshall et al. 2012).  A common 
physiological mechanism behind Thorson’s Rule has yet to be thoroughly tested 
(Marshall et al. 2012). 
The energetics of development of planktotrophic and lecithotrophic larvae are 
fundamentally different because one type obtains the energy for development 
exogenously and the other endogenously, and it is therefore important to compare how 
temperature affects larval energetics in planktotrophs and lecithotrophs to gain insight 
into how changes in temperature may affect these developmental modes differently.  For 
example, when elevated temperatures and consequent higher respiration rates cause 
higher energy losses over the course of development, planktotrophic larvae might be able 
to compensate by increasing consumption, while lecithotrophs could not.  However, we 
know from work on L. variegatus (Chapter 2) that consumption rates of the 
planktotrophic larvae L. variegatus did not increase when larvae were reared at lower 
temperatures, larvae consume more energy overall due to their longer larval duration 
planktotrophic larvae.  Therefore, larvae planktotrophic larvae reared at lower 
temperatures with ample food do become larger, higher quality juveniles after 
metamorphosis, and these juveniles experience lower mortality rates.  The difference in 
size and energetic content in juveniles of L. variegatus is due to a combination of 
increased energy intake and decreased energy expenditure at lower temperatures.  
Lecithotrophs, in contrast, must use energy reserves from the egg to fuel temperature-
driven increases in energy utilization via respiration and excretion, and increased energy 
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utilization at high temperatures would therefore reduce the amount of energy available to 
meet the energy demands of metamorphosis and beyond.   
In order to determine how rearing temperature affects energy utilization and size 
in lecithotrophic larvae, we reared larvae of the sea biscuit Clypeaster rosaceus to 
metamorphosis without food at three different temperatures.  C. rosaceus is a facultative 
planktotroph, meaning that its larvae can develop to metamorphosis without exogenous 
food, but larvae are able to opportunistically feed if microalgae are present; they can 
readily reach metamorphosis without food and their ability to assimilate large amounts of 
energy from algae seems to be limited (Reitzel & Miner 2007). A small subsample of 
larvae were also reared with food to determine if any negative effects of temperature on 
juvenile size after metamorphosis could be ameliorated by allowing the larvae to feed.  If 
smaller juvenile size is indeed a result of increased energy expenditure, feeding should 
provide extra energy to the larva and help ameliorate some of that increased energy loss, 
resulting in larger juveniles.   
 
Methods 
Obtaining and rearing larvae 
Adults of C. rosaceus were be obtained from Keys Marine Lab, Long Key, FL in 
October 2010 and maintained in aquaria containing artificial seawater (Instant Ocean) at 
Clemson University, Clemson, SC at approximately 27ºC.  Adults were be spawned by 
vigorously shaking animals until gametes were released (Emlet 1986; Zigler, Lessios & 
Raff 2008).  Eggs from 11 females and sperm from 6 males were combined to form a 
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common pool of fertilized eggs.  Fertilized eggs were subsequently split into three 
temperature treatments: 23, 27 and 30ºC, all ± 1°C.  Larvae of C. rosaceus are normally 
exposed to temperatures over 23°C during the time that they are in the plankton (NOAA 
Comprehensive Large Array-Data Stewardship System SST14NA data).  When 50% of 
larvae had reached a particular developmental stage, respiration rates were measured and 
biochemical samples were taken.  These measurements were taken at the gastrula, prism, 
4-arm, 6-arm, and 8-arm stages. 
When the larvae were competent to feed, 400 larvae at each temperature were 
placed into a 1 L plastic beaker and fed 10
4
 cells of the alga Dunaliella tertiolecta daily.  
These larvae were reared through metamorphosis in the presence of food and within 1 
day of metamorphosis samples of 40 juveniles each were frozen for biochemical analysis.  
Additionally, 36 juveniles at each temperature from both fed and unfed larval treatments 
were placed individually into wells of a 12 well plate, maintained at their respective 
larval rearing temperatures, and monitored for growth and mortality.  Every 3 d, the 
juveniles were photographed to measure growth and water was changed.  Mortality was 
also assessed at this time.  Juveniles were provided with a small amount of sand to 
provide a food source (Emlet 1986; Kampfer & Tertschnig 1992). 
 
Respiration rates 
Respiration rates were measured using the method described by Marsh and 
Manahan (1999).  Briefly, 5-250 larvae in fully oxygenated artificial sea water were 
loaded into 500-700 µl glass air tight respirometry vials and incubated at their respective 
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rearing temperature for 3-5 h.  Oxygen content of the water in the vials was measured 
using a Strathkelvin 1302 oxygen electrode (Strathkelvin Instruments Ltd., North 
Lanarkshire, Scotland).  The number of larvae in each vial was plotted against the oxygen 
draw down h
-1
 in that vial, and the slope of a regression line through the plotted points 
was used to determine the respiration rate of the larvae. 
 
Biochemical content 
Samples of 200-500 eggs and larvae at the gastrula, prism, 4-arm, 6-arm, and 8-
arm stages and samples of 40 juveniles at each rearing temperature were frozen in 
individual microcentrifuge tubes and kept at -80°C until the time of analysis.  Samples of 
larvae or juveniles in three replicate tubes were homogenized and analyzed for the 
quantities of lipid, protein, and carbohydrate in the larvae. 
Lipid was extracted as described by Bligh and Dyer (1959) as modified by Moran 
and Manahan (2003), using a 2 methanol:2 water:1 chloroform (v/v/v) solution.  A 
known quantity of fatty acid (stearyl alcohol, TCI America #O0006, Portland, OR, USA) 
was added to each sample before the extraction began to act as an internal standard.  
Samples were run as described by Moran and Manahan (2003).  Extracted lipid was 
spotted onto glass Chromarods (Iatron Laboratories, Inc., Tokyo, Japan) and developed in 
a 96:4 hexane:diethyl ether (v/v) solution for 30 minutes (Prowse et al. 2009).  The lipid 
content of the samples was then determined using an Iatroscan MK6 flame ionization 
detection-thin layer chromatography system (Iatron Laboratories, Inc., Tokyo, Japan).  
Standard curves were created using known quantities of fatty alcohol (ALC, stearyl 
 
 72 
alcohol), phospholipid (PL, L-α-lecithin, Calbiochem #524617, La Jolla, CA, USA), 
sterol (ST, cholesterol, Alfa Aesar #A11470, Ward Hill, MA, USA), and triglyceride 
(TG, tripalmitin, TCI #G0213, Tokyo, Japan).  The standard curve for TG was used as a 
standard curve for diacylglycerol ether (DAGE), as described by Prowse and colleagues 
(2009).  To determine the quantity of total lipid (TL) in each sample, the quantities of the 
lipid classes were summed. 
Protein and carbohydrate extractions were performed using Holland and Gabbot’s 
TCA method (1971) with modifications by Moran and Manahan (2003).  Extracted 
protein was quantified using a Pearce Micro BCA kit (Fisher Catalog #PI-23235) with 
bovine serum albumin as a standard.  Extracted carbohydrate was quantified following 
Holland and Gabbot (1971) as modified by Moran and Manahan (2003) with glucose 
(Fisher #D16-500, Fair Lawn, NJ, USA) as a standard. 
 
Ammonia excretion 
To measure rates of ammonia excretion by the larvae, 80-250 larvae (depending 
on stage) were placed into 50 ml tubes filled with artificial seawater, with three tubes per 
developmental stage per temperature treatment.  An additional fourth tube was filled with 
only artificial seawater as a control.  Tubes were incubated at the rearing temperature of 
the larvae for approximately 24 h, after which the ASW was filtered to remove larvae.  
Samples were stored in the refrigerator for no more than 24 h before analysis. 
The concentration of ammonia in the artificial seawater samples was measured 
using an ammonia assay kit from Sigma Aldrich (#AA0100, St. Louis, MO, USA), 
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following instructions provided with the kit.  Absorbance values were measured at 340 
nm using a BioTek PowerWave XS plate reader (BioTek Instruments, Inc., Winooski, 
VT, USA) and a BioTek Bio-Cell (BioTek #7272051) with a 1 cm pathlength and adapter 
assembly (BioTek #7270512).  The concentration of ammonia in each sample was 
determined using calculations provided with the assay kit. 
 
Energy utilization 
Energy utilization by larvae at the three experimental temperatures was calculated 
in two ways: (1) energy lost via respiration and ammonia excretion and (2) the energy 
catabolized from biochemical energy in the egg.  Energy utilization calculated using 
these two methods should be equal; inequalities are likely due to error in measuring 
respiration rates, ammonia excretion rates, or biochemical composition, although other 
sources of energy intake or output, such as the uptake of energy via dissolved organic 
matter (DOM), could also affect the calculation of these terms.  Any lack of agreement 
between these two estimates is likely due to inaccuracies in measuring the largest 
components of these estimates of energy utilization, respiration rates or lipid and protein 
content. 
To calculate energy expenditures by larvae during development and to compare 
among temperatures, respiration rates of larvae were plotted against larval age (h) and the 
area under the curve was calculated using Sigma Plot 11 software (Systat Software, Inc., 
Chicago, IL) to obtain total pmol O2 consumed ind
-1
 over development.  The amount of 





 (Gnaiger 1983), to determine the amount of energy utilized via respiration during 
development, since the majority of energy for development was provided by catabolism 
of lipid stores.  A curve was fit for ammonia excretion data in the same way and the area 
under the curves was multiplied by the energy equivalent of ammonia, 20.5 kJ g NH3
-1
 
(Brafield & Llewellyn 1982).  Total energy utilized metabolically during development 
was calculated as the sum of energy utilized via respiration and energy utilized via 
ammonia excretion. 
The energetic loss in biochemical stores of the egg was calculated as the 
difference in protein, lipid, and carbohydrate content between the egg and the 8-arm 
stage.  Energy used via catabolism of egg constituents was calculated by multiplying the 
quantity of each constituent that was utilized during development by its energy 
equivalent: 24.0 kJ g
-1
 for protein, 39.5 kJ g
-1
 for lipid, and 17.5 kJ g
-1




To compare changes in biochemical content over development at the three 
experimental temperatures, ANCOVAs were performed for each parameter (protein, 
carbohydrate, lipid classes, respiration rates, and ammonia excretion rates).  For all of 
these analyses, the independent variable was the age of larvae in h.  To compensate for 
the lack of true biological replicates due to pooling of the larvae, mean values of each 
biochemical constituent at each temperature were used in the analysis and error was 
calculated from the lack of fit error term (Shillington 1979), as we were unable to 
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calculate pure error, the other component of total error in the ANCOVA model.  Linear 
regressions were fit at each temperature, and rearing temperature was used as the 
covariate.  In order to compare regression slopes using ANCOVA, the Fit Model dialog 
in JMP 9 (SAS Institute Inc., Cary, NC) was used, including terms for age (h), 
temperature (to compare intercepts), and age*temperature (to compare slopes).  To 
determine rates of utilization of different biochemical constituents, regressions were 
performed for every parameter at each rearing temperature. A value of α = 0.05 was used 
for all statistical analyses. 
Contrasts were performed to compare mean values of biochemical content of 
larvae at different stages (gastrula, prism, 4-arm, 6-arm, or 8-arm) and juveniles.  A priori 
contrasts comparing mean values of biochemical content at each experimental 
temperature were planned and performed using the following coefficients: 23°C (2), 
27°C (-1), 30°C (-1).  Because each developmental stage was reached at a different time 
at each rearing temperature, the values of the age parameter were changed so that age = 0 
h at the developmental stage being analyzed at each temperature.  A contrast was then run 
at t = 0 to compare the biochemical content of the larvae at that developmental stage.   
Because fed larvae were only sampled at the egg and juvenile stages, ANCOVA 
analyses of fed larvae and juveniles were not performed, and therefore comparisons of 
the biochemical constituents between fed juveniles reared at the three experimental 
temperatures were not conducted.  Changes in respiration rates and ammonia excretion 




Table 3.1. Timing of development of larvae of Clypeaster rosaceus. 
 
Stage 23°C 27°C 30°C 
Gastrula 26 h 23 h 20 h 
Prism 47 h 33 h 28 h 
4-arm 73 h 64 h 60 h 
6-arm 4 d 3 d 3 d 
8-arm 6 d 4 d 4 d 
Metamorphosis 12 d 6 d 5 d 
 
To determine whether juvenile mortality rates were affected by temperature or 
were affected by whether or not larvae were fed, Kaplan-Meier survival curves were 
plotted using JMP 9 (Kleinbaum & Klein 2012).  Juvenile growth rates were compared 
by examining changes in juvenile test diameter over time.  ANCOVA analyses were 
performed as described for biochemical content, and differences in initial juvenile size 




Larvae of C. rosaceus reared at 23°C took much longer to develop than larvae 
reared at 27 or 30°C (Table 3.1).  At 23°C, development was greatly extended and 
approximately 50% of the total time development was spent at the 8-arm stage.  Larvae 
took 1.2x as long to reach metamorphosis at 27°C than at 30°C, and the time spent at the 







Figure 3.1. Respiration rates of larvae of Clypeaster rosaceus reared at 23°C (black 
triangles, solid line), 27°C (gray triangles, dashed line), and 30°C (white triangles, dotted 





For all treatments, respiration rates increased over development to the 4-arm 
stage, then gradually decreased (Fig. 3.1).  When respiration rates were standardized to 
larval protein content, the pattern was similar (Fig. 3.2, protein-specific metabolic rate, 
PSMR).  Rates of increase up to the 4-arm stage were not significantly different at the 
three experimental temperatures (ANCOVA: p = 0.48).  Rates of decrease in respiration 
rates after reaching the 4-arm stage were also not significantly different (p = 0.11).  
Larvae consumed more total oxygen developing to the 8-arm stage when reared at higher 
temperatures: 10.6 nmol ind
-1
 at 23°C, 11.0 nmol ind
-1
 at 27°C, and 14.3 nmol ind
-1
 at 





Figure 3.2. Protein-specific metabolic rates (PSMRs) of larvae of Clypeaster rosaceus 
reared at 23°C (black triangles, solid line), 27°C (gray triangles, dashed line), and 30°C 
(white triangles, dotted line).  
 
 
Figure 3.3. Total lipid (TL) content of eggs and larvae of Clypeaster rosaceus reared at 
23°C (black triangles, solid line), 27°C (gray triangles, dashed line), and 30°C (white 









Table 3.2. P-values of contrasts performed on biochemical content data. Bold numbers 
indicate a significant effect of temperature upon biochemical content of the larvae at the 
designated stage or juveniles.  
 
Stage TL ST PL TG DAGE Protein 
 
Gastrula 0.0784 0.4681 0.0340 0.1955 0.6790 0.0245 
Prism 0.0869 0.4754 0.0313 0.2187 0.3109 0.0125 
4-arm 0.0089 0.0307 0.0010 0.0141 0.3539 0.0010 
6-arm 0.0422 0.0652 0.0039 0.0216 0.2049 0.0014 
8-arm < 0.0001 0.1115 0.0431 < 0.0001 0.2262 0.0072 
Unfed Juveniles 0.0002 0.9313 0.0014 < 0.0001 0.0152 0.0772 
 
Biochemical Content 
TL at all three temperatures decreased significantly over larval development (Fig. 
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 = 0.78, p 
= 0.0086).  Changes in TL content over time (h) at the three experimental temperatures 
were not affected by temperature (p = 0.53), suggesting that reductions in lipid content 
were due to increases in the length of development, not rates of utilization at a given 
stage.  TL was not significantly affected by temperature at the gastrula or prism stages 
but was affected by temperature at the 4-arm and 6-arm, and 8-arm stages (Table 3.2).  
TL content of unfed juveniles was also affected by temperature (Fig. 3.5, p = 0.0002).  
TL was higher in juveniles resulting from larvae reared with food than without food (Fig. 
3.4A), though we were unable to test for statistical differences in TL content because we 
only had data for two time points (egg and juvenile). 
ST decreased significantly over development (Fig. 3.5, ANCOVA: p = 0.0007).  
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Figure 3.4. Lipid content of juveniles resulting from larvae reared with food (white bars) 
or without food (black bars) at the three experimental temperatures. A. Total lipid. B. 
Sterol. C. Phospholipid. D. Triacylglycerol. E. Diacylglycerol ether. Error bars represent 








Figure 3.5. Sterol (ST) content of eggs and larvae of Clypeaster rosaceus reared at 23°C 
(black triangles, solid line), 27°C (gray triangles, dashed line), and 30°C (white triangles, 
dotted line). Error bars represent SE of three replicate samples. 
 




 at 30°C (r
2
 = 0.76, p = 0.010).  Temperature did not have a 
significant effect on ST content at the gastrula, prism, 6-arm, and 8-arm stages but it did 
have a significant effect at the 4-arm (Table 3.2).  The ST content of unfed juveniles was 
also not affected by temperature (Fig. 3.4B, p = 0.93), and ST of juveniles was not 
affected by whether larvae were fed.  The regression slopes were not significantly 
different from each other (p = 0.1966).   
Phospholipid also decreased significantly over development (Fig. 3.6, ANCOVA: 
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 at 30°C (r
2
 = 0.80, p = 0.016).  
The rates of PL decrease were not significantly different among the three rearing 
temperatures (p = 0.22).  PL content of the larvae reared at the three experimental 




Figure 3.6. Phospholipid (PL) content of eggs and larvae of Clypeaster rosaceus reared 
at 23°C (black triangles, solid line), 27°C (gray triangles, dashed line), and 30°C (white 
triangles, dotted line). Error bars represent the SE of the three replicate samples analyzed 
for biochemical content. 
 
 
Figure 3.7. Triacylglycerol (TG) content of eggs and larvae of Clypeaster rosaceus 
reared at 23°C (black triangles, solid line), 27°C (gray triangles, dashed line), and 30°C 





stages (Table 3.2).  Rearing temperature also had a significant effect on the PL content of 
juveniles (Fig. 3.4C, p = 0.0014). 
TG decreased significantly over development (Fig. 3.7, ANCOVA: p = 0.0002).  
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 at 30°C (r
2
 = 0.88, p = 0.0020).  The larval rates of TG utilization were not 
significantly different among rearing temperatures (p = 0.21).  TG content was not 
significantly affected by temperature at the gastrula and prism stages but was 
significantly affected at the 4-arm, 6-arm, and 8-arm stages (Table 3.2).  The TG content 
of unfed juveniles was also affected by temperature (Fig. 3.4D, p < 0.0001). 
 
 
Figure 3.8. Diacylglycerol ether (DAGE) content of eggs and larvae of Clypeaster 
rosaceus reared at 23°C (black triangles, solid line), 27°C (gray triangles, dashed line), 





Figure 3.9. Protein content of eggs and larvae of Clypeaster rosaceus reared at 23°C 
(black triangles, solid line), 27°C (gray triangles, dashed line), and 30°C (white triangles, 
dotted line). Error bars represent SE of the three replicate samples. 
 
Quantities of DAGE also decreased significantly over development (Fig. 3.8, 














 = 0.94, p = 0.0004).  When reared at 30°C, larvae utilized DAGE at a rate 






 = 0.73, p = 0.015).  The rates of DAGE utilization were not 
significantly different, however (p = 0.17).  The DAGE content of larvae was not affected 
by temperature at the gastrula, prism, 4-arm, 6-arm, and 8-arm stages (Table 3.2).  DAGE 
content of unfed juveniles was significantly affected by temperature, however (Fig. 3.4E, 
p = 0.015). 
Protein content decreased significantly over development (Fig. 3.9, ANCOVA: p 























Figure 3.10. A. Protein and B. carbohydrate content of juveniles resulting from larvae 
reared with food (white bars) or without food (black bars) at the three experimental 
temperatures. Error bars represent SE of the three replicate samples. 
 
 
Figure 3.11. Carbohydrate content of eggs and larvae of Clypeaster rosaceus reared at 
23°C (black triangles, solid line), 27°C (gray triangles, dashed line), and 30°C (white 








= 0.014).  Rates of decrease were not different among experimental rearing temperatures 
(p = 0.28).  Protein content of larvae was significantly affected by temperature at the 
gastrula, prism, 4-arm, 6-arm, and 8-arm stages (Table 3.2).  Protein content decreased 
dramatically during metamorphosis at all three temperatures and was not significantly 
affected by temperature in unfed juveniles (Fig. 3.10A, p = 0.077). 
Carbohydrate content of larvae did not change as larvae developed (Fig. 3.11, 
ANCOVA: p = 0.19).  The slopes (p = 0.43) of regression lines at the three experimental 
temperatures were not significantly different.  Carbohydrate content of juveniles resulting 
from fed and unfed larvae is presented in Figure 3.10B. 
 
 
Figure 3.12. Rates of ammonia excretion by larvae of Clypeaster rosaceus reared at 
23°C (black triangles, solid line), 27°C (gray triangles, dashed line), and 30°C (white 







Ammonia excretion rates increased as larvae developed (Fig. 3.12, ANCOVA: p 
= 0.027).  The increase in excretion rates was affected by temperature (p = 0.049) and 
was greatest at 27°C and smallest at 23°C.  Ammonia excretion rates were not 
significantly affected by temperature at the 4-arm stage (contrasts: p = 0.38) or 6-arm 
stage (p = 0.62).  Excretion rates at the 8-arm stage were also not affected by temperature 
(p = 0.056), although the lack of significance at the 8-arm stage was marginal. 
 
Energy utilization 
When reared at 30°C, larvae used a total of 63.2 mJ ind
-1
 of energy via respiration 





.  There was a corresponding drop of 62.7 mJ in biochemical content of 
the unfed juveniles when compared to biochemical content in the egg.  Within 1 day after 
metamorphosis, unfed juveniles contained 24.1 mJ ind
-1
 of energy and fed juveniles 
contained 27.0 mJ ind
-1
.  
At 27°C, larvae lost a total of 48.7 mJ ind
-1




) via respiration and 
ammonia excretion during development to the 8-arm stage, corresponding to a 54.2 mJ 
ind
-1
 loss in biochemical content.  Unfed juveniles from larvae reared at 27°C contained 
26.8 mJ ind
-1
 and fed juveniles contained 37.1 mJ ind
-1
 after metamorphosis. 
Larvae reared at 23°C used a total of 46.8 mJ ind
-1
 over the course of 




.  There was a 
corresponding 46.5 mJ ind
-1
 drop in biochemical energy content.   
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Juveniles resulting from unfed larvae reared at 30°C lost 82% of the energy in 
their biochemical reserves relative to the egg.  Juveniles from unfed larvae reared at 27°C 
lost 80% of their biochemical reserves, and 88% of their reserves when reared at 23°C. 
 
Juvenile size and mortality 
The temperature that larvae were reared at affected juvenile test diameter after 
metamorphosis (Table 3.3, ANCOVA: p < 0.0001).  Initial juvenile size was significantly 
affected by temperature (p < 0.0001).  Juveniles from fed larvae were larger than 
juveniles from unfed larvae at each temperature (all p < 0.0001).  Juveniles from unfed  
larvae had faster growth rates at warmer temperatures (p = 0.0039), but growth rates of 
juveniles from fed larvae were not affected by temperature (p = 0.64).  Juveniles from fed 
and unfed larvae reared at 27°C and 30°C did not have significantly different growth 
rates (p = 0.73 and p = 0.21, respectively), but at 23°C, juveniles from unfed larvae had 
significantly slower growth rates than juveniles from fed larvae (p = 0.0042). 
Rearing temperature also had a significant effect on juvenile mortality (Fig. 3.13, χ-
square = 49.69, p < 0.0001).  Juveniles reared at 30°C had the highest mortality rates 
 
Table 3.3. Test diameter (mm) of juveniles of Clypeaster rosaceus after metamorphosis. 
All values are mean ± SE (n = 36). 
 
Temperature Fed Juveniles Unfed Juveniles 
30°C 0.394 ± 0.008 0.368 ± 0.003 
27°C 0.422 ± 0.007 0.391 ± 0.005 




Figure 3.13. Cumulative mortality of juveniles of Clypeaster rosaceus resulting from 
larvae reared with (triangles with crosses) and without (triangles without crosses) food at 
23°C (black triangles), 27°C (gray triangles), and 30°C (white triangles). 
 
and juveniles reared at 27°C had the lowest; juveniles reared at 23°C were intermediate.  
At 30°C, juveniles from fed larvae experienced significantly lower mortality than 
juveniles from unfed larvae (p = 0.0023).  Feeding during the larval period did not have a 




Lecithotrophic larvae obtain the majority of energy they need to develop from 
energy the mother provides in the egg.  Any environmental factor that increases the 
amount of energy needed to complete metamorphosis, whether by increasing metabolic 
rates or by increasing the length of development, is likely to result in juveniles with lower 
energy reserves and reduced growth and survival.  From an energetic perspective, we 
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would therefore expect that larvae reared at higher temperatures would become smaller 
juveniles because they will have higher metabolic rates and therefore consume more 
energy.  Development proceeds more quickly at warmer rearing temperatures, with 
higher rearing temperatures resulting in shorter larval duration.  When larvae are reared 
outside of their optimal thermal range, energy utilization should increase, either due to 
increased larval duration at lower temperatures or increased metabolic rates at higher 
temperatures.  Larvae reared at 27°C utilized less energy during larval development than 
larvae reared at 30°C, both when summed over the entire course of larval development 
and when the sum was divided by the duration of larval development to obtain a daily 
rate of energy utilization.  When reared at 27°C, larvae were larger compared to larvae 
reared at 30°C, following the temperature-size rule (TSR), a pattern seen in ectotherms 
where organisms have larger body sizes when reared at lower temperatures (Atkinson 
1994).  Here, larvae may be larger due to more efficient utilization of their maternally-
provided energy.  Larvae reared at 30°C lost 6.1% more energy via respiration and 
ammonia excretion than larvae reared at 27°C during development to metamorphosis, and 
they became smaller juveniles with reduced energy reserves.  Juveniles resulting from 
larvae reared with food contained more lipid, protein, and carbohydrate than juveniles 
resulting from larvae reared without food, showing that feeding may indeed help mediate 
some of the negative effects of increased energy expenditure at higher rearing 
temperatures. 
The length of larval development can also have a large effect on the amount of 
energy used by larvae to develop into a juvenile, which can in turn affect juvenile size 
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and energy content.  Larvae reared at 23°C used the least amount of energy on a daily 
basis, but used more energy during larval development as a whole due to their prolonged 
development.  Development was greatly extended at 23°C; larvae reared at 23°C took 
twice as long to reach metamorphosis as larvae reared at 27°C, and 2.4x as long as larvae 
reared at 30°C.  This increase in the duration of development caused the larvae reared at 
23°C to utilize more of their energy stores, primarily lipids.  In order for energy 
expenditure by larvae reared at 23°C to be equal to that of larvae reared at 27°C, the 
metabolic expenditure of the 23°C larvae would need to be halved. 
There is considerable experimental evidence that juveniles that are larger directly 
after metamorphosis have lower mortality rates and higher growth rates (Moran & Emlet 
2001; Phillips 2002; Marshall, Bolton & Keough 2003; Marshall & Keough 2005; Emlet 
& Sadro 2006; Marshall & Keough 2006).  This leads to the hypothesis that changes in 
juvenile size due to larval rearing temperature could affect juvenile performance.  In this 
study, juvenile mortality was greatest at 30°C and was higher at 23°C than at 27°C, 
matching patterns of juvenile size; juveniles were largest at 27°C and smallest at 30°C.  
Because we reared juveniles only at the temperature they experienced as larvae, size and 
rearing temperature are confounded in our experiments.  However, if increased mortality 
rates were only due to maintaining juveniles at higher temperatures within their optimal 
thermal range, we would expect to see the lowest mortality rates at 23°C.  Instead, 
because 23°C was below the thermal optimum of the larvae and experienced greater 
energy expenditure due to the extended duration of larval development, we observed the 
lowest mortality rates in juveniles resulting from larvae reared at 27°C.  The low 
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mortality at 27°C indicates that juveniles resulting from larvae that utilized the smallest 
amount of their energy stores fared the best after metamorphosis.  In the 27°C juveniles, 
larger size and energy reserves after metamorphosis could have resulted in faster growth 
and lower mortality rates.  Future experiments that separate the effects of juvenile size 
and rearing temperature would provide greater insight into whether mortality rates are 
more strongly affected by juvenile rearing temperature or size.  
Our measurements of energy in eggs of C. rosaceus were similar to previous 
measurements of this species (Miner, Cowart & McEdward 2002; Reitzel & Miner 2007; 
Zigler, Lessios & Raff 2008), and protein, lipid, and carbohydrate content we measured 
in eggs were also similar to published reports for C. rosaceus (Reitzel & Miner 2007; 
Zigler, Lessios & Raff 2008); likewise, the relative quantities of the different lipid classes 
were similar to proportions seen in other echinoderm species with large, yolky eggs 
(Prowse et al. 2009).  Prowse and colleagues (2009) found that eggs of species with 
lecithotrophic development contained diacylglycerol ether (DAGE) in addition to 
triacylglycerol (TG).  DAGE is thought to be less available for rapid utilization, allowing 
larvae to reserve energy stored as DAGE for later in development (Prowse et al. 2009).  
Generally, lecithotrophic eggs contain much more DAGE than planktotrophic eggs do 
(Prowse et al. 2009).  However, unlike lecithotrophic asteroids and planktotrophic 
asteroids with large eggs, C. rosaceus contained much more TG than DAGE; the 
TG:DAGE ratio of C. rosaceus was more similar to planktotrophic asteroids with small 
eggs (Prowse et al. 2009).  Evolutionary changes in energetic lipid composition during 
the transition from facultative planktotrophy to lecithotrophy may primarily involve a 
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greater increase in DAGE stores in the egg relative to TG stores.  Quantifying DAGE and 
TG in other facultatively planktotrophic species would help clarify whether the energetic 
lipid composition of the eggs more closely resembles that of planktotrophic eggs or a 
more intermediate composition between planktotrophic and lecithotrophic eggs.   
As expected, catabolism of lipid accounted for most of the energy utilized during 
development.  Triglycerides (TG) were the primary lipid class used as an energy source, 
which is commonly the case for marine invertebrate larvae (Podolsky et al. 1994; Moran 
& Manahan 2003; Moran & Manahan 2004; Sewell 2005; Meyer et al. 2007; Prowse, 
Sewell & Byrne 2008).  The significant decrease in protein content that we saw over 
development suggests that larvae of C. rosaceus may also be utilizing protein as an 
energy source.  Although not all studies of echinoderm larvae have found protein to be 
major metabolic substrate (Meyer et al. 2007; Prowse, Sewell & Byrne 2008), in other 
taxa, protein does appear to meet some of the metabolic demands of development (Millar 
& Scott 1967; Lucas et al. 1979; Dawirs 1983; Whyte, Bourne & Hodgson 1987; Whyte 
et al. 1992; Vavra & Manahan 1999; Moran & Manahan 2003), particularly when larvae 
are reared without food.  Invertebrate larvae may use protein as an energy source when 
lipid catabolism alone is not enough to supply energy for their metabolic demands.  Up to 
the 8-arm stage, the observed catabolism of lipid could have provided 95.1% of the 
energy utilized via respiration and excretion at 23°C, 96.3% at 27°C, and 94.1% at 30°C, 
so it is possible that the larvae needed to catabolize both lipid and protein to fuel their 
metabolic needs.  Energy provided by protein catabolism could have provided 5.6%, 
4.0%, and 5.0% of the energy utilized via respiration and ammonia excretion at 23°C, 
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27°C, and 30°C, respectively, which together with lipid catabolism could provide enough 
energy to fully account for the energy losses via ammonia excretion and respiration. 
Energy utilization over development was affected by temperature; larvae reared at 
30°C utilized 6% more energy via respiration and ammonia excretion than larvae reared 
at 27°C.  However, decreasing the rearing temperature to 23°C caused larvae to utilize 
37% more energy than larvae reared at 27°C, due to their greatly extended development.  
The greatly increased energy expenditure by larvae of C. rosaceus at 23°C is likely a 
consequence of the fact that this species does not live in areas that experience 
temperatures as low as 23°C during its spawning season, and 23°C is therefore outside 
the thermal optimum for development.  Because extended development due to low 
rearing temperatures can greatly increase total energy expenditure over the course of 
larval development, in order to compensate for the increased energy requirements, 
species that have evolved in colder habitats are expected to evolve short larval durations 
relative to what closely related species in warmer habitats would experience if reared at 
similar temperatures.   
Increased energetic costs over development are expected to occur when 
development is slowed down proportionally more than respiration at reduced 
temperatures that are outside the species’ thermal optimum.  Within the thermal 
optimum, reductions in temperature slow down respiration proportionally more than 
development, resulting in larger body size at lower rearing temperatures (Zuo et al. 
2012).  The effect of very low rearing temperature below the thermal optimum should be 
particularly strong for lecithotrophic species, since nonfeeding larvae cannot offset the 
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extended development by consuming more algae as an exogenous energy source, which 
feeding larvae of L. variegatus are able to do by extending larval duration and therefore 
extending the time that they spend feeding (Chapter 2).  However, within the thermal 
optimum of a species, development of nonfeeding larvae will be more efficient at lower 
temperatures when less energy is expended metabolically, leaving greater biochemical 
stores provided in the egg available for the animal as a juvenile.  Because the amount of 
energy utilized is so strongly affected by temperature via temperature’s effects on 
metabolic rate, it is possible that the observation that there are greater percentages of 
species with nonfeeding larvae at colder temperatures (Thorson’s Rule) could be a 
consequence of reduced metabolic demand at lower temperatures.   
Together these data suggest that the interaction of metabolic rate and 
developmental rate strongly affects energy utilization by marine invertebrate larvae, with 
increased energy utilization during development leading to smaller and lower quality 
juveniles.  Extended development via any mechanism, including reduced temperature, 
could therefore reduce juvenile quality.  Reductions in juvenile quality and size lead to 
decreased juvenile growth rates and increased juvenile mortality, which can in turn 
reduce recruitment into existing populations.  It is therefore important to understand how 
these interactions of temperature and development affect energy utilization by larvae in 
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ENERGY UTILIZATION BY LARAVE WITH DIFFERENT  
LEVELS OF MATERNAL PROVISIONING 
 
Introduction 
For marine invertebrates, egg size is a very important life history parameter.  Egg 
size is positively correlated with energetic content (Jaeckle 1995), and therefore large 
eggs generally represent a greater maternal investment of energy and material to fuel 
growth and development.  Although the distribution of egg sizes is often bimodal (Vance 
1973; Emlet, McEdward & Strathmann 1987; Sewell & Young 1997), with feeding 
(planktotrophic) species possessing smaller eggs and nonfeeding (lecithotrophic) species 
possessing larger eggs, some species have egg sizes that fall between the two, which may 
represent the evolutionary transition between feeding and nonfeeding larvae (Herrera, 
McWeeney & McEdward 1986).  Larvae, like other ectotherms reared at higher 
temperatures, have greater metabolic rates (Hochachka & Somero 2002), and exposure to 
warm temperatures can cause stress that may increase the amount of energy the animal 
expends (Somero 2002).  Larvae reared at higher temperatures should therefore 
catabolize the energy from the egg at a faster rate than larvae reared at colder 
temperatures, which could be particularly problematic for planktotrophic larvae under 
food-limited conditions.  Larvae of species with small eggs may therefore be at a 
disadvantage at high temperatures compared to larvae of species with large eggs when 
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larvae must rely entirely on endogenous energy stores from the egg to fuel growth, 
development, and homeostasis. 
Some studies have examined the effects of temperature on the rates of utilization 
of the energy stores provided in the egg.  Lipid stores, which are the primary source of 
energy to developing larvae, are utilized at faster rates at higher temperatures in 
crustaceans (Evjemo, Danielsen & Olsen 2001; García-Guerrero 2010).  Marine 
invertebrate larvae from some taxa also grow more efficiently at lower temperatures 
within their optimal thermal range (Evjemo, Danielsen & Olsen 2001; Robinson & 
Partridge 2001; García-Guerrero, Villarreal & Racota 2003; Heilmayer, Brey & Pörtner 
2004; Larsson & Berglund 2005; Karl & Fischer 2008; Fitzgibbon & Battaglene 2012), 
although there are also examples in the literature of lower larval growth efficiencies at 
lower temperatures (Fischer et al. 2009; Geister et al. 2009).  When larvae are reared at 
low temperatures, protein content generally remains constant or declines at a slow rate, 
and the rates of protein utilization are greater at higher rearing temperatures (Evjemo, 
Danielsen & Olsen 2001; García-Guerrero, Villarreal & Racota 2003; García-Guerrero 
2010), Protein may be used as an energy source at high temperatures perhaps because 
lipid stores are insufficient to provide enough energy for development at high 
temperatures.  Together these data suggest that within the optimal thermal range of 
development for a particular species, larvae catabolize their energy stores at a greater rate 
when reared at higher temperatures, primarily through catabolism of lipid and protein. 
Previously (Chapters 2 and 3), I have shown that metabolic rates and rates of 
energy utilization by marine invertebrate larvae increase as temperature increases.  
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Because larvae utilize energy at faster rates at higher rearing temperatures, we would 
expect that unfed larvae would utilize energy stores from the egg at a faster rate than 
larvae reared at lower temperatures due to their higher metabolic rates.  Because smaller 
echinoderm eggs generally contain less energy (Jaeckle 1995), larvae of species with 
small eggs could utilize their energy stores more quickly if mass-specific metabolic rates 
are higher for species with small eggs.  To test whether egg size affects rates of energy 
utilization by larvae and if there is an interaction between temperature and egg size, here 
I present a comparison of how the energy in the egg is utilized by unfed planktotrophic 
larvae of Arbacia punctulata (egg dia. ≈ 70 µm) and Lytechinus variegatus (egg dia. ≈ 
110 µm) at multiple rearing temperatures, along with comparisons to the data presented 
for Clypeaster rosaceus (egg dia. ≈ 280 µm) in the previous chapter.  Although the 
conclusions from these data are limited because only three species are being compared, 
these data should still provide some insight into how egg size and temperature may 
interact to affect rates of utilization of maternally provided energy stores by larvae. 
 
Methods 
Adults of Arbacia punctulata were obtained from Gulf Specimen Marine Lab, 
Panacea, FL, USA in April 2010.  Spawning was induced by intracoelomic injection of 
0.5 M KCl.  Eggs from 11 females were combined with sperm from 11 males to create a 
common pool of fertilized eggs.  These fertilized eggs were then split into cultures at 
three temperatures: 23°C and 27°C (both ± 1°C) and reared in artificial sea water (ASW, 
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Instant Ocean).  Data from larvae reared at 27°C are taken from Whitehill and Moran (in 
press). 
Adults of Lytechinus variegatus were obtained from Gulf Specimen Marine Lab 
in May 2010.  The adults were spawned as described for A. punctulata and eggs and 
sperm from 9 females and 9 males were combined to create a common pool of fertilized 
eggs.  These fertilized eggs were also split into 23°C, 27°C, and 30°C (± 1°C) 
temperature treatments and larvae were reared in artificial sea water. 
Cultures were staged by examining 20-30 embryos or larvae every 1-2 h after the 
larvae reached the blastula stage until they reached the 4-arm stage, beyond which they 
did not develop.  Samples of larvae for biochemical constituent analysis and 
measurements of respiration rates of larvae were taken when 50% or more of the larvae at 
a rearing temperature had reached a particular developmental stage.  Measurements and 
samples were taken from eggs, gastrulae, prism, and 4-arm larvae.  Larvae did not 
develop past the 4-armed stage, so after reaching that stage, samples were taken every 24-
48 h after reaching the 4-arm stage.  Samples for biochemical analysis were frozen in 
microcentrifuge tubes at -80°C until analysis.  Experiments were terminated when there 
were no longer enough larvae for biochemical analyses.   
 
Respiration rates 
Respiration rates of larvae were measured using the µBOD method described by 
Marsh and Manahan (1999).  Larvae in fully oxygenated ASW were loaded into gas-tight 
glass vials and incubated at the appropriate temperature for 2-5 hours, after which the 
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oxygen concentration in each vial was measured using a Strathkelvin 1302 oxygen 
electrode (Strathkelvin Instruments Ltd., North Lanarkshire, Scotland).  The number of 
larvae in each vial was plotted against the mol of O2 consumed h
-1
, with one point for 
each vial, and a regression line was fit for the plotted points.  The slope of the regression 
line was used to calculate the respiration rates of the larvae, and the standard error of the 
regression was used as the standard error of the respiration rate. 
 
Biochemical constituent analysis 
To analyze lipid, protein, and carbohydrate content of eggs and larvae, 3 replicate 
samples of 1000-5000 eggs or larvae were thawed and homogenized for each temperature 
and sampling time point.  Each sample was subsampled 3 times to assess the precision 
and repeatability of the assay method. 
Total lipid and lipid classes were measured with an Iatroscan flame ionization 
detection-thin layer chromatography (FID-TLC) system (Iatron Laboratories Inc., Tokyo, 
Japan), which allows the separation and quantification of different lipid classes.  Standard 
curves used to quantify the lipid classes were created using the following lipid standards: 
cholesterol for sterol (ST, Alfa Aesar #A11470, Ward Hill, MA, USA), L-α-lecithin for 
phospholipid (PL, Calbiochem #524617, La Jolla, CA, USA), stearyl alcohol for fatty 
alcohol (ALC, TCI America #O0006, Portland, OR, USA), and tripalmitin for 
triglyceride (TG, TCI #G0213, Tokyo, Japan).  Lipids in samples were extracted using a 
2:2:1 (v/v/v) solution of water:methanol:chloroform (Bligh & Dyer 1959), as modified by 
Moran and Manahan (2003).  A known quantity of stearyl alcohol added to each sample 
 
 105 
served as an internal standard (Moran & Manahan 2003).  Once extracted, lipids were 
spotted onto quartz Chromarods, developed for 28 minutes using a 60:6:0.1 (v/v/v) 
hexane:diethyl ether:formic acid solution and read with the Iatroscan FID-TLC machine 
using Peak Simple 3.88 software (SRI Instruments, Menlo Park, CA, USA).  Total lipid 
(TL) was calculated as the sum of all lipid classes present in each sample. 
Protein and carbohydrate were extracted using the TCA method (Holland & 
Gabbott 1971) with modifications by Moran and Manahan (2003).  Carbohydrate was 
quantified using a glucose standard (Fisher #D16-500, Fair Lawn, NJ, USA) following 
methods described by Holland and Gabbott (1971) as modified by Moran and Manahan 
(2003).  Extracted protein was quantified with a Pearce Micro BCA kit (Fisher # PI-
23235), using provided bovine serum albumin as a standard. 
 
Energetics 
To determine the amount of energy consumed via respiration, respiration rates 
were plotted against age (h) and the area under that curve was calculated using Sigma 
Plot 11 software (Systat Software, Inc., Chicago, IL) to determine the mol of O2 
consumed per larva.  The number of mol of O2 consumed was multiplied by the average 
oxyenthalpic equivalent for protein, lipid, and carbohydrate, 484 kJ mol
-1
 (Gnaiger 1983).  
The energy present in the biochemical content of the larvae was calculated by 
multiplying the quantity of each biochemical constituent by its energy equivalent.  A 
value of 24.0 kg g
-1
 was used for protein, 39.5 kJ g
-1
 for lipid, and 17.5 kJ g
-1
 for 





To examine changes in biochemical content over the course of the experiment, 
ANCOVA analyses (α = 0.05) were performed using JMP 9 software (SAS Institute, Inc., 
Cary, NC, USA) for each biochemical constituent, including the different lipid classes, 
with age in h as the independent variable.  Because the samples were taken from pooled 
larvae, the samples collected could not be considered true biological replicates.  
Therefore, mean values of biochemical content at each time point were used in the 
ANCOVA analyses and the lack of fit component of error was used to calculate the total 
error used in the statistical analysis (Shillington 1979), since the pure error component of 
the error term could not be calculated without true replicates.  The Fit Model dialog in 
JMP was used to perform the analyses, and terms for age, temperature (to test for 
differences in intercepts), and age*temperature (to test for differences in slopes) were 
included in the model.  When the quantity of a biochemical constituent was found to 
significantly decrease over time according to ANCOVA analyses, individual regressions 
were performed at each temperature to determine the rate of utilization of that constituent 
(the regression slope).  Analyses of TG and TL content of larvae of A. punctulata were 








Figure 4.1. Respiration rates of unfed larvae of A. Arbacia punctulata and B. Lytechinus 
variegatus.  Black symbols represent data from larvae reared at 23°C, gray symbols, 
27°C, and white symbols, 30°C.  Error bars denote SE of the regression slope used to 




For both Arbacia punctulata and Lytechinus variegatus, respiration rates 
increased during morphogenesis to the 4-arm stage and subsequently decreased and 
remained low after morphogenesis was complete (Fig. 4.1).  For both species, respiration 
was greater at higher rearing temperatures.  Peak respiration rates and respiration rates 
after metamorphosis were similar for A. punctulata and L. variegatus when compared 
among common rearing temperatures.  Protein-specific metabolic rate (PSMR) was 
higher for all time points for larvae of A. punctulata than larvae of L. variegatus except 
the blastula stage.  Peak PSMR of larvae of A. punctulata was 2x higher at both 27°C and 






Figure 4.2. Lipid content of unfed larvae of Arbacia punctulata. A. Total lipid (TL). B. 
Triacylglycerol (TG). C. Sterol (ST). D. Phospholipid (PL). Black squares with solid 
lines are data from larvae reared at 23°C. Gray squares with dashed lines are data from 












Overall, TG stores of larvae of A. punctulata significantly decreased while the 
larvae were developing to the 4-arm stage (Fig. 4.2B, ANCOVA: p = 0.0016).  The rates  
of utilization at the two temperatures were not significantly different (p = 0.57).  During 
morphogenesis, larvae reared at 27°C utilized their TG stores at a rate of 100 pg h
-1
.  TG 
stores of larvae reared at 23°C were consumed at a rate of 90 pg h
-1
.   
For larvae of L. variegatus, TG decreased significantly from the egg to the 4-arm stage 
(Fig. 4.3B, ANCOVA: p = 0.0054).  TG was below detectable levels in samples collected 
2 d after reaching the 4-arm stage.  During development to the pluteus stage, larvae 
utilized their TG stores at a rate of 0.13 ng h
-1
 at 23°C, 0.18 ng h
-1
 at 27°C, and 0.23 ng h
-
1
 at 30°C.  The rates of utilization were not statistically different among the rearing 
temperatures (p = 0.63).  Rates of TG utilization were not different among the two 
species at either 23°C (p = 0.65) or 27°C (p = 0.77). 
ST levels in larvae of A. punctulata did not change significantly over the course 
of the experiment (Fig. 4.2C, ANCOVA: p = 0.57).  Quantities of ST in larvae of L. 
variegatus decreased significantly over the experiment (Fig. 3C, ANCOVA: p = 0.049).  
ST stores decreased at a rate of 1.3 pg h
-1
 at 23°C, 3.5 pg h
-1
 at 27°C, and 2.4 pg h
-1
 at 
30°C.  The rates of ST loss were not significantly different (p = 0.56). 
Quantities of PL in larvae of A. punctulata did change significantly as the 
experiment progressed (Fig. 4.2D, ANCOVA: p = 0.017), but the rate of change was not 
significantly different among the two rearing temperatures (p = 0.62).  Larvae reared at 
23°C lost PL at a rate of 3.8 pg h
-1






Figure 4.3. Lipid content of unfed larvae of Lytechinus variegatus. A. Total lipid (TL). 
B. Triacylglycerol (TG). C. Sterol (ST). D. Phospholipid (PL). Black circles with solid 
lines are data from larvae reared at 23°C. Gray circles with dashed lines are data from 
larvae reared at 27°C. White circles with dotted lines are data from larvae reared at 30°C. 
Error bars denote standard error (n = 3). 
 
PL levels in larvae of L. variegatus did not change significantly over the course of 
the experiment (Fig. 4.3D, ANCOVA: p = 0.064), and the slopes of the regression lines 
at each experimental rearing temperature were not statistically different (p = 0.38).   
Larvae of A. punctulata experienced a significant drop in total lipid (TL) levels 
over the course of the experiment (Fig. 4.2A, ANCOVA: p = 0.0028), although the rates 
of TL loss were not different among the two rearing temperatures (p = 0.83).  TL in the 
larvae of L. variegatus decreased significantly during the experiment (Fig. 4.3A, 
 
 111 
ANCOVA: p = 0.0001).  Rates of TL utilization were not statistically different (p = 0.85).  
The rates of TL decline in both species were most pronounced during morphogenesis, 
when the larvae were utilizing their TG stores.   
 
Protein 
Protein decreased significantly in larvae of A. punctulata during the entire experiment 
(Fig. 4.4A, ANCOVA: p = 0.0056).  Rates of protein loss were different between the two 
experimental temperatures (p = 0.0390).  Larvae reared at 27°C utilized their protein 
stores at a rate of 390 pg h
-1
, but protein content of larvae reared at 23°C did not change 
significantly over time (regression: p = 0.24).  For both larvae reared at 23°C and 27°C, 
rates of protein utilization were not different before and after morphogenesis to the 4-arm 
stage (p = 0.69 and p = 0.66, respectively). 
 
 
Figure 4.4. Protein content of unfed larvae of A. Arbacia punctulata and B. Lytechinus 
variegatus. Black symbols represent data from larvae reared at 23°C, gray symbols, 




Protein content of the larvae of L. variegatus also decreased significantly over the 
course of the experiment (Fig. 4.4B, ANCOVA: p = 0.0063).  Larvae lost their protein 
stores at a rate of 12 pg h
-1
 when reared at 23°C, 34 pg h
-1
 at 27°C, and 88 pg h
-1
 at 30°C, 
although these rates of protein utilization were not statistically different (p = 0.1192).  
The rate of protein loss was not different before and after morphogenesis to the 4-arm 
stage for larvae reared at 23°C (p = 0.25), but larvae reared at 27°C and 30°C used 
protein at a faster rate during morphogenesis than after reaching the 4-arm stage (p = 
0.034 and p = 0.013, respectively). 
 
Carbohydrate 
Carbohydrate comprised 7-9% of the biomass of eggs and larvae of A. punctulata 
and 6-10% of the biomass of the eggs and larvae of L. variegatus.  Carbohydrate content 
of larvae of A. punctulata did not change over the course of the experiment (Fig. 4.5, 
 
 
Figure 4.5. Carbohydrate content of unfed larvae of A. Arbacia punctulata and B. 
Lytechinus variegatus. Black symbols represent data from larvae reared at 23°C, gray 
symbols, 27°C, and white symbols, 30°C. Error bars denote SE (n = 3). 
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ANCOVA: p = 0.6206).  The larvae of L. variegatus did experience a decrease in 
carbohydrate (ANCOVA: p < 0.0001); they  lost carbohydrate at a rate of 7 pg h
-1
 when 
reared at 23°C, 11 pg h
-1
 at 27°C, and 10 pg h
-1
 when reared at 30°C.  The rates of 
carbohydrate loss were not statistically different (p = 0.3014). 
 
Energetics 
During morphogenesis, larvae of A. punctulata reared at 27°C used a total of 0.15 
mJ via respiration and experienced a corresponding 0.15 mJ loss in biochemical content 
from the egg.  During the entire course of the experiment, these larvae used 0.69 mJ 
during respiration and lost 0.64 mJ of energy compared to the egg.  When reared at 23°C, 
larvae used 0.08 mJ of energy by respiration during morphogenesis.  Upon reaching the 
fully-formed 4-arm pluteus stage, larvae had lost 0.08 mJ of energy relative to the egg.  
At the end of the experiment, larvae had utilized 0.45 mJ of energy via respiration and 
lost 0.39 mJ relative to the energy in the egg. 
Larvae of L. variegatus reared at 30°C utilized 0.22 mJ of energy via respiration 
during morphogenesis, concurrent with a 1.06 mJ loss in biochemical energy from the 
egg.  The large discrepancy between these two values may be due to underestimation of 
the peak respiration rate, a possibility that is addressed in greater detail in the discussion.  
In total, these larvae expended 0.82 mJ via respiration by the end of the experiment, with 
a 1.44 mJ loss in biochemical energy.  At 27°C, larvae used 0.20 mJ of energy via 
respiration during development through morphogenesis and lost 0.80 mJ in biochemical 
content.  During the experiment as a whole, these larvae used 0.68 mJ via respiration and 
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lost 1.07 mJ in biochemical content relative to the egg.  Larvae developing to the 4-arm 
stage at 23°C used 0.19 mJ of energy metabolically, corresponding to a 0.46 mJ loss of 
biochemical energy.  Over the course of the experiment, larvae used 0.45 mJ of energy 
during respiration and lost 0.63 mJ of biochemical energy content provided in the egg. 
To fuel morphogenesis, larvae of A. punctulata reared at 23°C utilized 
approximately 3.1% of the energy in the egg per day, and used 7.6% per day at 27°C, 
when losses in biochemical energy were examined.  Larvae of L. variegatus used 6.6% of 
the energy in the egg per day at 23°C, 14.1% per day at 27°C, and 24.0% at 30°C.  
Therefore, when compared among common rearing temperatures, larvae of A. punctulata 
used approximately half of the energy that larvae of L. variegatus did, when standardized 
to maternal investment. 
 
Discussion 
Energy content of the larvae decreased over the course of the experiment, 
indicating that like other developing organisms that do not feed, larvae of both A. 
punctulata and L. variegatus utilized energy in the egg to fuel development and 
maintenance metabolism.  TG is thought to be the primary source of fuel for early 
development and morphogenesis in many invertebrate larvae, including echinoderms 
(Podolsky et al. 1994; Sewell 2005; Meyer et al. 2007; Prowse, Sewell & Byrne 2008; 
Whitehill & Moran in press) and molluscs (Moran & Manahan 2003; Moran & Manahan 
2004); consistent with this pattern, in both species in this study TG stores were depleted 
to below detectable levels within 24 h after completing morphogenesis. Because early 
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larval development is fueled by TG from the egg and larvae expended more energy at 
higher temperatures via respiration, we would expect that larvae would utilize their TG 
stores at a faster rate when reared at higher temperatures.   
More energy was utilized by larvae when reared at higher temperatures due to 
higher respiration rates, necessitating the catabolism of greater quantities of their 
maternal energy stores.  Rates of TG utilization were greater at higher temperatures, 
although the rates were not statistically different.  This lack of difference may be due to 
the conservative nature of our statistical analyses; having a single replicate at each 
temperature reduced the power of the ANCOVA analysis to detect differences in the 
regression slopes at the various experimental rearing temperatures.  Larvae of A. 
punctulata did utilize protein as an energy source at a statistically greater rate when 
reared at 27°C compared to 23°C, suggesting that true differences in rates of utilization 
due to temperature may indeed occur.   
Larvae from smaller eggs could compensate for their reduced energy content by 
catabolizing their energy stores at slower rates than larvae from larger eggs.  
Comparisons of rates of energy utilization by larvae of species with different egg sizes 
reared at the same temperature could test for fundamental differences in these rates.  
Rates of TG utilization during morphogenesis by larvae of A. punctulata were not 
significantly different from rates of utilization by larvae of L. variegatus reared at the 
same temperature.  However, eggs of A. punctulata contain less TG (5.6 ± 0.1 ng,   ± SE) 
than eggs of L. variegatus (9.2 ± 0.4 ng), suggesting that if rates of TG utilization are 
similar, larvae of A. punctulata will exhaust their TG stores more quickly than larvae of 
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L. variegatus.  Again, the lack of difference in the TG utilization rates may be due to the 
conservative nature of our statistical methods.  But, larvae of A. punctulata complete their 
initial morphogenesis more quickly than larvae of L. variegatus, reaching the 4-arm stage 
in 31 h vs. 45 h at 27°C and in 41 h vs. 55 h at 23°C.  Thus, if larvae of A. punctulata 
develop more quickly, consuming their TG stores more quickly may not adversely affect 
them.  The rate of TG utilization may be closely tied to the rate of morphogenesis in each 
species. 
Larvae of both species also utilized protein as an energy source.  Larvae of A. 
punctulata reared at 27°C used their protein stores at a significantly faster rate than larvae 
reared at 23°C over the course of the experiment as a whole, perhaps because the small 
eggs of this species contain less TG to fuel morphogenesis than larger eggs do, requiring 
larvae of A. punctulata to obtain additional energy from stores of other biochemical 
constituents once morphogenesis was complete.  Larvae of L. variegatus reared at 27°C 
and 30°C used their protein stores at a faster rate during morphogenesis, when metabolic 
demand was highest, than after morphogenesis, suggesting that both protein and TG may 
be used as an energy source during periods of high metabolic activity, particularly at high 
temperatures where metabolic demand is higher.  Many invertebrate taxa, such as 
bivalves, crustaceans, and gastropods utilize protein as an energy source (Millar & Scott 
1967; Lucas et al. 1979; Dawirs 1983; Whyte, Bourne & Hodgson 1987; Whyte et al. 
1992; Vavra & Manahan 1999; Moran & Manahan 2003), although the use of protein for 
energy to fuel larval development seems to vary among echinoderms (Meyer et al. 2007; 
Prowse, Sewell & Byrne 2008). 
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Carbohydrate content of the larvae also decreased, potentially providing energy 
for development, but the potential contribution of the catabolism of carbohydrate was 
0.3-3.4% of the total energy utilized by larvae of A. punctulata and 3.5-5.5% of to the 
total energy utilized by larvae of L. variegatus during the course of the experiment.  
Thus, despite the statistically significant decline in carbohydrate stores, the larvae likely 
did not use carbohydrate as a major source of energy for development.  Other studies that 
examined the contribution of carbohydrates to the biochemical composition of larvae 
over development also found that carbohydrate was not a large part of their overall 
energy budget (Moran & Manahan 2003; Moran & Manahan 2004; García-Guerrero 
2010; García-Guerrero & Sandoval 2012). 
Most of the energy used by larvae over the course of this experiment occurred 
during morphogenesis to the 4-arm feeding larval stage.  Respiration rates increased 
rapidly during morphogenesis, then declined to a low, steady rate, which is a pattern 
frequently seen in unfed planktotrophic larvae of echinoderms (Meyer et al. 2007; Pace 
& Manahan 2007; Ginsburg & Manahan 2009; Whitehill & Moran in press).  This pattern 
is also seen in nonfeeding gastropod larvae (Moran & Manahan 2004). 
For A. punctulata, the values of energy expended via respiration were in close 
agreement with the corresponding loss in biochemical energy.  Larvae of L. variegatus 
experienced a much larger loss of biochemical energy than would be expected by the 
energy used via respiration.  A possible reason behind the unexpectedly high loss of 
biochemical energy reserves is that the respiration rates measured for the 4-arm stage 
larvae may not have represented the peak respiration rate.  A pilot study conducted in 
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 at 30°C.  The respiration rate measurements at 
the 4-arm stage presented in this study may have been taken just prior to or after the true 
peak respiration rate, which would reduce our estimates of how much energy the larvae 
expended via oxygen consumption.  Replacing the 4-arm stage respiration rate values 
with the 2008 rates would increase the calculated total energy consumed via respiration 
to 1.12 mJ at 30°C and 0.87 mJ at 27°C (using the 2008 peak respiration rate value at 
25°C), which are closer to the energy losses seen in the biochemical content data (1.06 
mJ and 0.80 mJ, respectively).  This agreement between the energy expended via 
respiration using the 2008 data and the loss in biochemical energy suggests that rates of 
energy utilization by larvae of L. variegatus may higher than the 2010 respiration data 
would suggest. 
Mass-specific metabolic rates allow accurate comparisons of metabolic rates from 
organisms of various sizes.  In general, for all three species, larvae reared at higher 
temperatures had higher PSMRs (Figure 4.6).  The PSMRs among larvae of different 
species reared at the same temperature were generally similar among larvae of L. 
variegatus and C. rosaceus.  The larvae of A. punctulata had a higher PSMR; peak 
PSMR for larvae of A. punctulata was 2.0-2.1x higher than for larvae of L. variegatus 
and 1.6-2.0x higher than for larvae of C. rosaceus reared at the same temperature.  
Higher PSMRs in larvae of A. punctulata could be due to higher mitochondrial densities, 
possibly due to selection for faster development to the 4-arm stage.  It is possible that 




Figure 4.6. Protein-specific metabolic rates of unfed larvae.  Data from Arbacia 
punctulata are represented by squares, data from Lytechinus variegatus are represented 
by circles, and data from Clypeaster rosaceus are represented by triangles. Data from 
larvae reared at 23°C are represented by black symbols, 27°C by gray symbols, and 30°C 
by white symbols. 
 
egg is not consumed too quickly or too slowly, but experimental evidence shows that 
mass-specific metabolic rate is unchanged in half-size larvae created from separated 
blastomeres, since the mitochondrial density should remain the same (Moran & Allen 
2007).  Higher PSMRs in larvae of A. punctulata could be due to higher mitochondrial 
densities, possibly due to selection for faster development to the 4-arm stage.  Increased 
metabolic rates may fuel faster morphogenesis to the feeding stage, which could have 
evolved as a mechanism to allow larvae to obtain exogenous energy sources more 
quickly, although the rapid utilization of the maternal energy stores may leave these 
larvae more vulnerable to starvation. 
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Comparisons of rates of utilization of the two major sources of energy for 
development in unfed echinoid larvae, TG and protein, among A. punctulata, L. 
variegatus, and C. rosaceus (data presented in Chapter 3) provide insight into how egg 
size might be correlated with rates of catabolism of energy stores.  Changes in TG and 
protein content were compared as described in the Methods section using ANCOVA 
models.  To standardize catabolism of these constituents to egg size, TG and protein 
content values were expressed as the proportion of TG or protein present at a particular 
time point relative to the quantities present in the egg.  When standardized to the 
quantities of TG present in the egg, when reared at 27°C, larvae of C. rosaceus utilized 
their TG stores at a faster rate than larvae of A. punctulata (p = 0.014) or L. variegatus (p 
= 0.019).  When reared at 23°C, larvae of C. rosaceus also utilized their TG stores more 
quickly than larvae of A. punctulata (p = 0.0073) or L. variegatus (p = 0.0072).  
Comparisons between L. variegatus and A. punctulata alone showed that the rates of TG 
utilization at 23 and 27°C were not different (p = 0.65 and p = 0.77, respectively).  
Larvae of C. rosaceus also utilized their protein stores more quickly at 27°C than larvae 
of L. variegatus (p = 0.0082) but not A. punctulata (p = 0.3557).  When reared at 23°C, 
larvae of C. rosaceus consumed protein at a faster rate than larvae of A. punctulata (p = 
0.0072) or L. variegatus (p = 0.0001).  Larvae of A. punctulata utilized protein more 
quickly than larvae of L. variegatus at 27°C (p = 0.014) but not at 23°C (p = 0.40).  
Together, these data suggest that unfed larvae from large planktotrophic eggs use their 
main biochemical energy stores more quickly than larvae from smaller eggs, although 
this result may be confounded by the fact that the larvae of C. rosaceus developed 
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beyond the 4-arm stage without food, unlike A. punctulata and L. variegatus.  The 
continued growth and development of the larvae of C. rosaceus required more energy 
than the maintenance of the 4-arm larval body by larvae of A. punctulata and L. 
variegatus.   
 The data presented in this chapter along with the data presented in Chapter 3 for 
unfed larvae of C. rosaceus show that larvae from larger eggs do utilize TG and protein 
(standardized to quantities in the egg) at faster rates.  Larvae from larger eggs may be 
more strongly affected by increases in temperature than larvae from smaller eggs because 
they will experience greater rates of energy expenditure due to the combined effects of 
larger egg size and increased temperature.  However, these conclusions are confounded 
by differences in how far larvae can develop without energy from food and by how 
quickly the larvae are able to develop to a feeding stage and by species-level effects.  
Additional studies examining the effects of temperature on the rates of energy utilization 
by unfed larvae using echinoid species with egg sizes that are intermediate to those of L. 
variegatus and C. rosaceus would help clarify the findings presented here.  Species with 
egg sizes that are intermediate to L. variegatus and C. rosaceus can develop to the 6-arm 
or 8-arm stage without food (Herrera, McWeeney & McEdward 1986), so collecting 
similar data from several of these species would present a clearer picture of how 







Bligh, E.G. & Dyer, W.F. (1959) A rapid method of total lipid extraction and 
purification. Can. J. Biochem. Physiol., 37, 911-917. 
Dawirs, R.R. (1983) Respiration, energy balance and development during growth and 
starvation of Carcinus maenas L. larvae (Decapoda: Portunidae). J. Exp. Mar. 
Biol. Ecol., 69, 105-128. 
Emlet, R.B., McEdward, L.R. & Strathmann, R.R. (1987) Echinoderm larval ecology 
viewed from the egg. Echinoderm Studies, 2, 55-136. 
Evjemo, J.O., Danielsen, T.L. & Olsen, Y. (2001) Losses of lipid, protein, and n-3 fatty 
acids in enriched Artemia franciscana starved at different temperatures. 
Aquaculture, 193, 65-80. 
Fischer, S., Thatje, S., Graeve, M., Paschke, K. & Kattner, G. (2009) Bioenergetics of 
early life-history stages of the brachyuran crab Cancer setosus in response to 
changes in temperature. J. Exp. Mar. Biol. Ecol., 374, 160-166. 
Fitzgibbon, Q.P. & Battaglene, S.C. (2012) Effect of water temperature on the 
development and energetics of early, mid, and late-stage phyllosoma larvae of 
spiny lobster Sagmariasus verreauxi. Aquaculture, 344-349, 153-160. 
García-Guerrero, M. & Sandoval, P.H. (2012) Total protein, lipid, carbohydrate, and 
water changes of eggs through embryonic development of Macrobrachlum 
occidentale Holthuis, 1950 and its relation to morphological changes. J. 
Crustacean Biol., 32, 769-773. 
García-Guerrero, M., Villarreal, H. & Racota, I.S. (2003) Effect of temperature on lipids, 
proteins, and carbohydrates levels during development from egg extrustion to 
juvenile stage of Cherax quadricarinatus (Decapoda: Parastacidae). Comparative 
Biochemistry and Physiology A, 135, 147-154. 
García-Guerrero, M.U. (2010) Effect of temperature on consumption rate of yolk 
components during embryo development of the prawn Macrobrachium 
americanum (Crustacea: Decapoda: Palaemonidae). J. World Aquacult. Soc., 41, 
84-92. 
Geister, T.L., Lorenz, M.W., Hoffmann, K.H. & Fischer, K. (2009) Energetics of 
embryonic development: effects of temperature on egg and hatchling composition 
in a butterfly. J. Comp. Physiol. B, 179, 87-98. 
 
 123 
Ginsburg, D.W. & Manahan, D.T. (2009) Developmental physiology of Antarctic 
asteroids with different life-history modes. Mar. Biol., 156, 2391-2402. 
Gnaiger, E. (1983) Calculation of energetic and biochemical equivalents of respiratory 
oxygen consumption. Polarographic Oxygen Sensors: Aquatic and Physiological 
Adaptations (eds E. Gnaiger & H. Forstner), pp. 337-345. Springer-Verlag, New 
York. 
Heilmayer, O., Brey, T. & Pörtner, H.O. (2004) Growth efficiency and temperature in 
scallops: a comparative analysis of species adapted to different temperatures. 
Funct. Ecol., 18, 641-647. 
Herrera, J.C., McWeeney, S.K. & McEdward, L.R. (1986) Diversity of energetic 
strategies among echinoid larvae and the transition from feeding to nonfeeding 
development. Oceanol. Acta, 19, 313-321. 
Hochachka, P.W. & Somero, G.N. (2002) Biochemical Adaptation: Mechanism and 
Process in Physiological Evolution. Oxford University Press, New York. 
Holland, D.L. & Gabbott, P.A. (1971) A micro-analytical scheme for the determination 
of protein, carbohydrate, lipid, and RNA levels in marine invertebrate larvae. J. 
Mar. Biol. Ass. U K, 51, 659-668. 
Jaeckle, W.B. (1995) Variation in the size, energy content, and biochemical composition 
of invertebrate eggs: correlates to the mode of larval development. Ecology of 
Marine Invertebrate Larvae (ed. L.R. McEdward), pp. 49-77. CRC Press, Boca 
Raton. 
Karl, I. & Fischer, K. (2008) Why get big in the cold? Towards a solution to a life-history 
puzzle. Oecologia, 155. 
Larsson, S. & Berglund, I. (2005) The effect of temperature on the energetic growth 
efficiency of Arctic charr (Salvelinus alpinus L.) from four Swedish populations. 
J. Therm. Biol., 30, 29-36. 
Lucas, M.I., Walker, G., Holland, D.L. & Crisp, D.J. (1979) An energy budget for the 
free-swimming and metamorphosing larvae of Balanus balanoides (Crustacea: 
Cirripedia). Mar. Biol., 55, 221-229. 
Marsh, A.G. & Manahan, D.T. (1999) A method for accurate measurements of the 
respiration rates of marine invertebrate embryos and larvae. Mar. Ecol. Prog. 
Ser., 184, 1-10. 
 
 124 
Meyer, E., Green, A.J., Moore, M. & Manahan, D.T. (2007) Food availability and 
physiological state of sea urchin larvae (Strongylocentrotus purpuratus). Mar. 
Biol., 152, 179-191. 
Millar, R.H. & Scott, J.M. (1967) The larva of the oyster Ostrea edulis during starvation. 
J. Mar. Biol. Ass. U K, 47, 475-484. 
Moran, A.L. & Allen, J.D. (2007) How does metabolic rate scale with egg size? An 
experimental test with sea urchin embryos. Biol. Bull., 212, 143-150. 
Moran, A.L. & Manahan, D.T. (2003) Energy metabolism during larval development of 
green and white abalone, Haliotis fulgens and H. sorenseni. Biol. Bull., 204, 270-
277. 
Moran, A.L. & Manahan, D.T. (2004) Physiological recovery from prolonged 'starvation' 
in larvae of the Pacific oyster Crassostrea gigas. J. Exp. Mar. Biol. Ecol., 306, 
17-36. 
Pace, D.A. & Manahan, D.T. (2007) Efficiencies and costs of larval growth in different 
food environments (Asteroidea: Asterina miniata). J. Exp. Mar. Biol. Ecol., 353, 
89-106. 
Podolsky, R., Virtue, P., Hamilton, T., Vavra, J. & Manahan, D. (1994) Energy 
metabolism during development of the Antarctic sea urchin Sterechinus 
neumayeri. Antarc. J. US, 29, 157-159. 
Prowse, T.A.A., Sewell, M.A. & Byrne, M. (2008) Fuels for development: evolution of 
maternal provisioning in asterinid sea stars. Mar. Biol., 153, 337-349. 
Robinson, S.J.W. & Partridge, L. (2001) Temperature and clinal variation in larval 
growth efficiency in Drosophila melanogaster. J. Evol. Biol., 14, 14-21. 
Sewell, M.A. (2005) Utilization of lipids during early development of the sea urchin 
Evechinus chloroticus. Mar. Ecol. Prog. Ser., 304, 133-142. 
Sewell, M.A. & Young, C.M. (1997) Are echinoderm egg size distributions bimodal? 
Biol. Bull., 193, 297-305. 
Shillington, E.R. (1979) Testing lack of fit in regression without replication. Can. J. Stat., 
7, 137-146. 
Somero, G.N. (2002) Thermal physiology and vertical zonation of intertidal animals: 
optima, limits, and costs of living. Integr. Comp. Biol., 42, 780-789. 




Vavra, J. & Manahan, D.T. (1999) Protein metabolism in lecithotrophic larvae 
(Gastropoda: Haliotis rufescens). Biol. Bull., 196, 177-186. 
Whitehill, E.A.G. & Moran, A.L. (in press) Comparative larval energetics of an 
ophiuroid and an echinoid echinoderm. Invertebr. Biol. 
Whyte, J.N.C., Bourne, N., Ginther, N.G. & Hodgson, C.A. (1992) Compositional 
changes in the larva to juvenile development of the scallop Crassadoma gigantea 
(Gray). J. Exp. Mar. Biol. Ecol., 163, 13-29. 
Whyte, J.N.C., Bourne, N. & Hodgson, C.A. (1987) Assessment of biochemical 
composition and energy reserves in larvae of the scallop Patinopecten yessoensis. 
J. Exp. Mar. Biol. Ecol., 113, 113-124. 
 
